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■ Chapter 1. Chapter 1. A Practical Synthesis of 3-Acyl Cyclobutanones by [2 + 2] 
Annulation. Mechanism and Utility of the Zn(II)-Catalyzed Condensation of -
Chloroenamines with Electron-Deficient Alkenes 
We have developed a catalytic method for the synthesis of highly functionalized 
3-acyl cyclobutanones which are useful building blocks for a variety of natural products. 
Methods for cyclobutanone synthesis have traditionally been limited to Lewis-acid 
promoted rearrangement of oxaspiropentanes or cyclizations of ketene and syntheses 
involving keteneiminium salts have required stoichiometric quantities of a Lewis acid. 
Furthermore, the mechanism for these types of cyclizations remains unknown. This 
portion of my research focused on an efficient, catalytic method for the synthesis of 3-
acyl cyclobutanones and providing insight into the mechanism for cycloaddition.  
■ Chapter 2. Enantioselective Synthesis of Boron-Substituted Quaternary Carbons 
by NHCCu-Catalyzed Boronate Conjugate Additions to Unsaturated Carboxylic 
Esters, Ketones, or Thioesters 
 
We have developed an enantioselective NHCCu-catalyzed conjugate addition of 
boronate esters to acyclic, trisubstituted -unsaturated carbonyl compounds. 
 Enantioselective conjugate addition of a boronic acid pinacol ester through the use of 
bis(pinacolato)diboron [B2(pin)2,] to unsaturated aliphatic and aryl esters promoted 
by 5 mol % of an NHCCu catalyst afforded tertiary -boryl carbonyls in high efficiency 
and enantioselectivity. Trisubstituted -unsaturated esters and thioesters were found to 
be reactive substrates in the presence of a stoichiometric quantity of methanol. 
■ Chapter 3. Metal-Free Catalytic CSi Bond Formation in an Aqueous Medium 
and C-B Bond Formation in a Protic Medium. Enantioselective NHC-Catalyzed 
Silyl and Boryl Conjugate Additions to Cyclic and Acyclic -Unsaturated 
Carbonyls.  
 
We have developed a method for enantioselective metal-free silyl conjugate 
additions through the use of dimethylphenylsilyl) boronic acid pinacol ester 
[PhMe2SiB(pin)] catalyzed by chiral N-heterocyclic carbenes (NHCs) in basic aqueous 
thf. Optimization of metal-free conditions demonstrated that the presence of water was 
required for high efficiency. -Unsaturated cyclic ketones and lactones were examined 
as substrates, and acyclic ketones, esters and aldehydes were also competent substrates 
for silyl conjugate addition. -Silyl carbonyls were isolated in up to >98% yield and 
>98:2 er. 
  
■ Chapter 4. Elucidation of Mechanism for Enantioselective NHC-Catalyzed Silyl 
Conjugate Addition.  
 
We propose a catalytic cycle for NHC-catalyzed enantioselective silyl conjugate 
addition. Mechanistic studies of NHC-catalyzed enantioselective silyl conjugate 
additions are presented. Optimization of conditions for an inefficient -unsaturated 
electron-deficient ketone provided insight into the roles for dbu and water. Kinetic data 
indicate that conjugate addition is first order in PhMe2SiB(pin) and carbene, and DFT 
calculations support the formation of an NHC-silyl anion as a reactive intermediate  in 
the catalytic cycle. 
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Chapter 1. A Practical Synthesis of 3-Acyl 
Cyclobutanones by [2 + 2] Annulation. 
Mechanism and Utility of the Zn(II)-Catalyzed 
Condensation of -Chloroenamines with Electron-
Deficient Alkenes 
1.1. Introduction. Method development in organic synthesis offers challenges for 
catalysis as well as for the experimentalist; these may involve the pursuit of methods to 
render a stoichiometric reaction catalytic, development of sustainable methodology that 
avoids the use of rare earth metals, eliminating excess waste, or reducing the need for the 
use of toxic chemicals. Many current organic transformations can be improved 
considerably by addressing these issues, and our work towards method development in 
the synthesis of cyclobutanones falls into this category.  
1.1a. Synthetic Utility of [2 + 2] Cyclobutanones. A current challenge for 
catalysis in natural product synthesis lies in the development of new methodology for 
strained, reactive organic synthons. Bioactive compounds with a four-carbon ring 
scaffold and complex natural products containing medium-sized rings require the 
development of improved methods for [2 + 2] cycloadditions. 1,2 Providencin3 and 
                                                     
(1) (a) Ischay, M. A.; Lu, Z.; Yoon, T. P. J. Am. Chem. Soc. 2010, 132, 8572–8574. For details on a 
stereocontrolled approach to tetrasubstituted cyclobutanes and its applications in synthesis, see: (b) Baran, 
P. S.; Li, K.; O’Malley, D. P.; Mitsos, C. Angew. Chem., Int. Ed. 2006, 45, 249–252. (c) O’Malley, D. P.; 
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pauferrol A4 are both examples of natural products containing a four-membered ring 
core5 and are important potential chemotherapeutics. Catalytic methods for synthesis of 
functionalized cyclobutanones would be of particular use for organic synthesis due to the 
dearth of  enantioselective variants.6 
                                                                                                                                                              
Li, K.; Maue, M. A.; Zografos, L.; Baran, P. S. J. Am. Chem. Soc. 2007, 129, 4762–4775. For Brønsted or 
Lewis acid-catalyzed [2 + 2] cyclizations based on tandem Michael- Aldol sequences, see: (d) Inanaga, K.; 
Takasu, K.; Ihara, M. J. Am. Chem. Soc. 2005, 127, 3668–3669. (e) Boxer, M. B.; Yamamoto, H. Org. Lett. 
2005, 7, 3127–3129. 
(2) Reviews on [2 + 2] photocycloaddition: (a) Crimmins, M. T.; Reinhold, T. L. Org. React. 1993, 44, 
297–588. (b) Bach, T. Synthesis 1998, 683–703. (c) Hoffman, N. Chem. Rev. 2008, 108, 1052–1103. Select 
recent studies: (d) Mangion, I. K.; MacMillan, D. W. C. J. Am. Chem. Soc. 2005, 127, 3696–3697. (e) Ng, 
S. M.; Bader, S. J.; Snapper, M. L. J. Am. Chem. Soc. 2006, 128, 7315–7319. (f) Shen, R.; Corey, E. J. Org. 
Lett. 2007, 9, 1057–1059.  
(3) (a) Marrero, J.; Rodríguez, A. D.; Baran, P.; Raptis, R. G. Org. Lett. 2003, 5, 2551–2554. For synthetic 
studies toward Providencin, see: (b) Bray, C. D.; Pattenden, G. Tetrahedron Lett. 2006, 47, 3937–3939. (c) 
Schweizer, E.; Gaich, T.; Brecker, L.; Mulzer, J. Synthesis 2007, 3807–3814. (d) Gaich, T.; Arion, V.; 
Mulzer, J. Heterocycles 2007, 74, 885–862. (e) White, J. D.; Jana, S. Org. Lett. 2009, 11, 1433–1436. A 
recent review on the chemistry of furanocembranes and pseudopteranes: (f) Roethle, P. A.; Trauner, D. Nat. 
Prod. Rep. 2008, 25, 298–317.  
(4) Nozaki, H.; Hayashi, K.-I.; Kido, M.; Kakumoto, K.; Ikeda, S.; Matsuura, N.; Tani, H.; Takaoka, D.; 
Iinuma, M.; Akao, Y. Tetrahedron Lett. 2007, 48, 8290–8292. C8/C8’ relative configuration is still 
unknown. 
(5) Recent total syntheses of other cyclobutane-containing targets: (a) Tsai, A. S.; Bergman, R. G.; Ellman, 
J. A. J. Am. Chem. Soc. 2008, 130, 6316–6317. (c) Nicolaou, K. C.; Wu, T. R.; Sarlah, D.; Shaw, D. M.; 
Rowcliffe, E.; Burton, D. R. J. Am. Chem. Soc. 2008, 130, 11114–11121. 
(6) There are very limited methods for catalytic, enantioselective [2 + 2] cycloadditions. For representative 
examples, see: (a) Ishihara, K.; Nakano, K. J. Am. Chem. Soc. 2007, 129, 89308931. (b) Shibata, T.; 
Takami, K.; Kawachi, A. Org. Lett. 2006, 8, 13431345. For examples involving ketene, see: (a) Dymock, 
B. W.; Kocienski, P. J.; Pons, J-M. Chem. Commun.1996, 10531054. (b) Nelson, S. G.; Peelen, T. J.; 
Wan, Z. J. Am. Chem. Soc. 1999, 121, 97429743. (c) Wynberg, H.; Staring, E. G. J. J. Org. Chem. 1985, 
50, 19771979. For a NHC-catalyzed formal [2 + 2] cycloaddition see: Jian, T-Y.; He, L.; Tang, C.; Ye, S. 
Angew. Chem. Int. Ed. 2011, 91049107. 
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1.1b. Making a Stoichiometric Reaction Catalytic. The development of a method 
for the catalytic, solvent-free synthesis of 3-acyl cyclobutanones7 (1.A) from ,β-
unsaturated ketones, carboxylic esters, and amides (1.B, Scheme 1.1) was inspired by the 
work performed in the laboratories of Ghosez and co-workers in which [2 + 2] 
cycloadditions with keteneiminium salts originated.8 Cyclobutanones 1.A, produced from 
the reaction of keteneiminium salts with -unsaturated olefins, exhibit an unusual 1,4- 
dicarbonyl functionality which pointed to an unique mechanism for their formation. The 
use of a catalytic quantity of a Zn(II) salt suggests that the development of new 
enantioselective methods is possible (for example, through developing chiral ligands for 
zinc).  This is a significant advancement for thermal [2 + 2] reactions, especially since 
prior strategies have relied on pyrrolidine-based chiral auxiliaries to induce 
enantioselectivity.7d,e,g In addition, the use of aldo- and keto-keteniminium salts as 
reactive substrates for cyclobutanone synthesis is a complementary method to 
cycloadditions of ketenes with olefins:9 each process generates highly strained10 four-
                                                     
(7) Other catalytic entries to [2 + 2] cycloaddition rely on ynamide functionality; see: (a) Li, H.; Hsung, R. 
P.; DeKorver, K. A.; Wei, Y. Org. Lett. 2010, 12, 3780–3783. (b) Couty, S.; Meyer, C.; Cossy, J. Angew 
Chem., Int. Ed. 2006, 45, 6726–6730 and references therein.  
(8) (a) Marchand-Brynaert, J.; Ghosez, L. J. Am. Chem. Soc. 1972, 94, 2870–2872. (b) De Poortere, M.; 
Marchand-Brynaert, J.; Ghosez, L. Angew. Chem., Int. Ed. Engl. 1974, 13, 267. (c) Falmagne, J.-B.; 
Escudero, J.; Taleb-Sahraoui, S.; Ghosez, L. Angew. Chem., Int. Ed. Engl. 1981, 20, 879–880. (d) Houge, 
C.; Frisque-Hesbain, A. M.; Mockel, A.; Ghosez, L. J. Am. Chem. Soc. 1982, 104, 2920–2921. (e) Saimoto, 
H.; Houge, C.; Hesbain-Frisque, A. M.; Mockel, A.; Ghosez, L. Tetrahedron Lett. 1983, 24, 2251–2254. (f) 
Markó, I.; Ronsmans, B.; Hesbain- Frisque, A. M.; Dumas, S.; Ghosez, L. J. Am. Chem. Soc. 1985, 107, 
2192–2194. See also: (g) Chen, L.-Y.; Ghosez, L. Tetrahedron Lett. 1990, 31, 4467–4470.  
(9) For a review, see: (a) Snider, B. B. Chem. Rev. 1988, 88, 793–811. For an application in total synthesis 
relying on unconventional conditions for ketene formation, see: (b) Mushti, C. S.; Kim, J.-H.; Corey, E. J. 
J. Am. Chem. Soc. 2006, 128, 14050–14052. 
(10) Cyclobutanone possesses a strain energy of 29.5 kcal/mol. For the calculation of the ring strain energy 
of this and other carbonyl compounds, see: Allinger, N. L.; Tribble, M. T.; Miller, M. A. Tetrahedron 
1972, 28, 11731190. 
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membered carbon-containing rings and results in the vicinal carbofunctionalization of an 
alkene.  
1.1c. Previous Mechanistic Considerations for Keteneiminium [2 + 2] 
Cycloadditions. Although concerted [π2s + π2a] pericyclic mechanisms7a,11 are often 
proposed to involve the C=C  and low-lying unoccupied C=N π* orbitals (or C=O π* in 
the case of ketene), asynchronous12 and stepwise mechanisms have also been considered 
for [2 + 2] cyclizations.7a,f For instance, when keteneiminium salts are reacted with 
acyclic cis-substituted olefins,7e they exhibit a diminishment of regioselectivity (as low as 
78:22 cis to trans ratios of the cyclobutanone product, regardless of the olefin isomer 
purity). 
 
 
 
 
 
 
As shown in Scheme 1.2, a stepwise mechanistic model can also explain the high 
levels of enantioinduction attainable in reactions of small cyclic alkenes (cyclopentene) 
or acyclic trans-alkenes with the chiral, proline-derived keteneiminium 1.3. The least 
hindered approach of the olefin facilitates initial bond formation at the keteneiminium 
                                                     
(11) (a) Woodward, R. B.; Hoffmann, R. The Conservation of Orbital Symmetry; Academic Press: New 
York, 1969. (b) Fleming, I. Frontier Orbitals and Organic Chemical Reactions; John Wiley&Sons: 
Chichester, U.K., 1976; pp 143147. 
(12) Corey, E. J.; Desai, M. C. Tetrahedron Lett. 1985, 26, 3535–3538. 
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carbon (1.4), and the resulting carbocation is well-positioned for the nucleophilic 
enamine to form the second CC bond (1.5). Hydrolysis of the pyrrolidine auxiliary 
produces enantiomerically enriched bicycloheptanone 1.6, whose absolute configuration 
at the ring juncture was determined to be (1R,5S).7d The keteneiminium electrophile 1.3 
was accessed by a stoichiometric Zn-promoted dehalogenation of -chloroenamine (1.2, 
prepared by chlorination-deprotonation of 1.1)7b,e or by dehydration of tertiary amides 
through the use of Tf2O and 2,4,6-collidine.
7c,f  
In 1981, it was reported that keteneiminiums cyclize with electron-poor alkenes 
(Scheme 1.3):13 -chloroenamine 1.7 reacted with 3-methyl-3-buten-2-one upon 
treatment with 1.2 equiv of ZnCl2, presumably through the intermediacy of 
keteneiminium salt 1.8.14 Cyclobutanone products were typically isolated in low yields (7 
examples, 2071% yield), and regioselectivity varied depending on the olefin 
cycloaddition partner. For example, cyclobutanones shown in Scheme 1.3 were isolated 
as a 4:1 mixture of regioisomers 1.9 and 1.10, and when dimethylacrylamide was used as 
a reactant, cyclobutanones were obtained as a 9:1 mixture of regioisomers.  
                                                     
(13) Heine, H.-G.; Hartmann, W. Angew. Chem. Int. Ed. Engl. 1981, 20, 782–783. 
(14) Devos, A.; Remion, J.; Frisque-Hesbain, A. M.; Colens, A.; Ghosez, L. Chem. Commun. 1979, 1180–
1181. 
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To the best of our knowledge, no other reports in this area have proposed a 
mechanism for the outcome of cycloaddition regiochemistry with keteneiminium salts 
and electron-poor olefins.15 Determining the precise role for zinc was quite intriguing to 
us since an analogous stepwise explanation would require a highly unstable carbocation 
that would be either primary (for minor regioisomer 1.10) or  to a carbonyl group (for 
major regioisomer 1.9). Access to cyclobutanones with a useful 1,4-dicarbonyl 
functionality and the chance that it might be regioselective for stereocontrolled synthesis 
of more complex derivatives initiated the following studies. Our results showed that the 
cycloaddition was catalytic in zinc(II) triflate, that the transformation was regioselective, 
and that strained cyclobutanones could participate in a variety of enabling synthetic 
transformations. 
1.2. Catalysis of the [2 + 2] Cycloaddtion with Electron-Poor Olefins. We began 
our investigation by optimizing reaction conditions for the preparation of 1.11, (Table 
1.1) from -chloroenamine 1.7 (Ghosez’s Reagent) and methyl vinyl ketone (MVK), 
simplified by the commercial availability of 1.7.12,16 As shown in entry 1 of Table 1.1, a 
dilute solution of MVK, 1.7, and ZnCl2 (ratio 1.2:1:1) in CH2Cl2, at 50 °C under nitrogen 
gave ketone 1.11 as a single regioisomer after hydrolytic workup with H2O.
11 Several 
                                                     
(15) A computational study was carried out on keteneiminium salts and compared to ketenes for [2 + 2] 
cycloadditions with electron-rich olefins. Calculations of transition states for [2 + 2] cyclizations with 
electron-rich olefins support that hypothesis that a concerted asynchronous pathway with the Cketeneiminium-
Calkene being the most highly formed bond in the transition state. In the case of electron-rich olefins, the 
dominant FMO interactions are the alkene HOMO interacting with the keteneiminium LUMO. Reactions 
of keteneiminium with electron-poor olefins, however, were not studied. See: Ding, W-J.; Fang, D-C. J. 
Org. Chem. 2001, 66, 66736678. 
(16) Bendall, J. G.; Payne, A. N.; Screen, T. E. O.; Holmes, A. B. Chem. Commun. 1997, 1067–1068. 
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Ag(I) salts,7a,17 including AgOTf, were also effective promoters but conversion was lower 
under identical conditions (53% conv, entry 2 compared to 97% conv, entry 1). In the 
absence of solvent, cycloaddition proceeded with high efficiency and regioselectivity 
(80% yield, >20:1 rr, entry 3). In an effort to improve efficiency of cycloaddition and 
decrease the need for stoichiometric Lewis acid under the solvent-free conditions, we 
surveyed a number18 of other Lewis acids. Zn(OTf)2 proved to be superior, and an early 
attempt at catalysis was promising; smooth conversion to 1.11 with 20 mol % Zn(OTf)2 
is observed (entry 4). Attempts to lower either the catalyst loading or temperature led to 
lower conversion (51%, entry 5) or an exceedingly long reaction (6 days, entry 6). 
Efficiency was improved by sonicating19 the neat mixture at 35 °C (the temperature was 
controlled by using a cooling water bath, entry 7). A slight increase in the catalyst 
loading (25 mol %, entry 8) provided 1.11 with highly reproducible yields (89% conv, 
                                                     
(17) Weingarten, H. J. Org. Chem. 1970, 35, 3970–3971. 
(18) Other Lewis acids screened include Ti(Oi-Pr)4
 (<2% conv), TiCl4 (<2% conv), ZnF2 (<2% conv), 
ZnBr2
 (25% conv), SnCl4 (46% conv), and Sc(OTf)3
 (5% conv) when MVK is reacted with 7 at 50 °C in 
CH2Cl2. 
(19) For other representative examples of [2 + 2] cycloaddition reactions that benefit from ultrasonic 
activation, see: (a) Ref 8g. (b) Chen, X.-T.; Bhattacharya, S. K.; Zhou, B.; Gutteridge, C. E.; Pettus, T. R. 
R.; Danishefsky, S. J. J. Am. Chem. Soc. 1999, 121, 6563–6579.  
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86% yield) in a single regioisomer. On both small and large-scale, cycloaddition was 
clean and regioselective,20 and the only detectable impurity under the conditions of entry 
8 is N,N-dimethylisobutyramide, isolated in 8-10% yield, derived from the hydrolysis of 
unreacted 1.7 during aqueous workup, easily separable from the cyclobutanone products 
through silica gel chromatography or distillation of the crude reaction mixture.  
1.2a. Scope and Limitations of Catalytic Cycloaddition. With optimized 
                                                     
(20) Reactions were typically set up on a 0.5-g scale, yields and conversions were comparable to those 
shown in Table 1.2. 
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conditions in hand for efficient [2 + 2] cycloaddition, we explored the reaction scope with 
respect to the -unsaturated carbonyl (Table 1.2). Thermal cyclization promoted by a 
stoichiometric quantity of ZnCl2 was reported to give a 4:1 ratio of regioisomers 1.9 and 
1.10 in low yield;21 however, the Zn(OTf)2-catalyzed reaction of 1.7 and 2-propenyl 
methyl ketone provides only 1.9 as a single diastereomer (87% conv, 73% yield) with 
sonication in the absence of solvent (entry 2). Both methyl acrylate and methyl 
methacrylate are suitable22 alkenes for regioselective cycloaddition, affording 
cyclobutanones 1.12 and 1.13 in 66% and 63% isolated yields, respectively, after 
distillation (entries 3 and 4). The minor isomer was only observed when N,N-
dimethylmethacrylamide was used as a reaction partner (90% conv, 80% yield, 3:1 ratio 
favoring 1.15, entry 6) in comparable efficiency to that involving the unsubstituted 
acrylic amide (96% conv, 83% isolated yield of 1.14, entry 5). The unsaturated Weinreb 
amides are also well-tolerated: cyclobutanone 1.16 was isolated in 64% distilled yield 
(85% conv) as a single regioisomer (entry 7). The quaternary variant 1.17 was isolated in 
57% yield (87% conv), again with exceptional regiocontrol (entry 8). Notably, the one 
case in which a minor product is observed (entry 6, Table 1.2), the regioisomers are 
separable by silica gel chromatography as well as fractional distillation. At this time, the 
method is limited to reactants lacking substitution at the β-position. Attempts at 
cyclizations with trans-methyl crotonate and cyclohexenone were inefficient. 
                                                     
(21) See ref 13. 
(22) A competing oligomerization of the acrylic ester may account for the diminished yield in these cases 
since a highly polar yet intractable fraction is visible as a baseline spot in the TLC of the crude reaction 
mixtures. 
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Additionally, -unsaturated nitriles were tested but did not result in a productive 
transformation.  
1.2b. X-Ray Data Confirming Major Regioisomer. Several ketones in Table 1.2 
were waxy solids below 22 °C, but attempts to obtain single crystals suitable for 
diffraction was met with difficulty. An X-ray structure was eventually obtained for 
carboxylic acid 1.18, confirming the regiochemical assignments across the series of 
cyclobutanones (Scheme 1.4). Since 1.18 was highly soluble in water, conditions for ester 
hydrolysis of 1.12 were needed that avoided an aqueous workup altogether. Formation of 
1.18 involved: treatment with LiOH in wet thf (10:1 thf:H2O, 22 °C, 18 h); removal of 
solvent to provide lithium 2,2-dimethyl-3-oxocyclobutanecarboxylate as an off-white 
solid; and suspension in cold thf, protonation by brief treatment with anhydrous HCl,23 
filtration of insoluble LiCl, and concentration to yield 1.18 as a white solid (91% yield). 
As shown in Scheme 1.4, 1.18 packs as a dimer in the solid state with intermolecular  
 
 
 
 
 C(1)C(2) C(1)C(4) C(2)C(3) C(3)C(5) C(3)C(4) 
Bond length (Å) 1.513 1.526 1.537 1.494 1.583 
CO2H hydrogen bonding. The CC bond distortion resulting from the quaternary carbon 
at C4 and acyl substitution at C3 of the four-membered ring is evident: at 1.58 Å, the 
                                                     
(23) Anhydrous HCl can be prepared by slow addition of concentrated H2SO4 at 0°C to solid NaCl, 
bubbled through the solution through plastic tubing with glass adapters. 
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bond between C3 and C4 is significantly longer than others (C1C2 1.51 Å, C1C4 1.53 
Å, and C2C3 1.54 Å). On average, each CC bond is longer than that of an 
unsubstituted cyclobutane, indicative of the ring strain of the cyclobutanone, and pointing 
towards the potential for transformations capitalizing on this inherent ring strain (e.g. 
homologations, vide supra).  
Although steric congestion imparted by the geminal dimethyl unit could partly 
account for this, an additional stabilizing frontier molecular orbital (FMO) interaction 
between the C3C4 linkage and the carbonyl C=O π* orbital is likely to be present given 
its favorable alignment and the shortened distance between C3 and C5 (1.49 Å), and the 
increased CO bond length (1.22 Å). Whether this is consistent with an emerging 
potential for substitution events at the quaternary carbon is an interesting prospect for 
future study. 
1.3. Synthesis and Reactivity of Other-Chloroenamines. Exploration of the 
scope of this transformation with respect to the -chloroenamine component was 
challenging for several reasons: 1.7 is the only commercially available derivative bearing 
the reactive functionality; existing protocols24 for -chloroenamine synthesis are 
complicated by moisture sensitivity, toxic reagents, and difficult purifications; and β-
monosubstituted chloroenamines—precursors to access aldo-keteniminium salts—are 
                                                     
(24) (a) Haveaux, B.; Dekoker, A.; Rens, M.; Sidani, A. R.; Toye, J.; Ghosez, L. Organic Syntheses; Wiley 
& Sons: New York, 1988; Collect. Vol. No. 6, pp 282-286. (b) Ghosez, L.; George-Koch, I.; Patiny, L.; 
Houtekie, M.; Bovy, P.; Nshimyumukiza, P.; Phan, T. Tetrahedron 1998, 54, 9207–9222. 
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reportedly24b unstable (they undergo self-condensation upon concentration and are best 
prepared and used in solution at low temperature).25 Still, some progress was made 
towards expanding the scope of the synthesis of haloenamines, beginning with practical 
modifications to the reported synthesis of 1.7 that translated well to the preparation of 
other -disubstituted chloroenamines. As shown in Scheme 1.4, amide chlorination and 
deprotonation of the resulting chloroimidate are required for the synthesis of enamines 
such as 1.7. The hazards associated with phosgene gas make methods utilizing this 
reagent unappealing (see Scheme 1.2). As a result, POCl3 was recommended as an 
alternative reagent for chlorination; however, in some cases,24b it was necessary to 
remove unreacted POCl3 before addition of the base (typically Et3N). We decided to use 
oxalyl chloride as a chlorinating agent since the byproducts of chlorination are gaseous 
and preliminary experiments with 1.19 gave high efficiency even without catalytic dmf. 
A nonpolar hydrocarbon solvent was chosen to promote precipitation of the crystalline 
iminium salt 1.20 as it forms, allowing for quantitative isolation after cannula filtration. 
In the same flask, 1.20 was suspended in pentane at-78 °C and treated with a solution of 
anhydrous trimethylamine in pentane. Upon warming, the insoluble chloroimidate salt 
gradually reacted to form -chloroenamine 1.7 with simultaneous precipitation of the 
trimethylammonium chloride byproduct. Filtration and concentration of the filtrate under 
inert conditions gives access to pure, colorless 1.7 with no contamination from the base 
or hydrochloride salt. This alternative method for -chloroenamine synthesis is an 
                                                     
(25) Our attempt to use a stereoisomeric mixture of the β-benzyl, N,N-dimethyl -chloroenamine without 
isolation was not successful, presumably due to competing oligomerization of this reactant at the warmer 
temperatures required for cyclocondensation. In addition, N,N-diethyl-2-phenylpropanamide failed to 
chlorinate efficiently under standard conditions with oxalyl chloride, presumably due to steric hindrance. 
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improvement over the original use of Et3N as a base, which afforded discolored samples 
of 1.7 and proved difficult to cleanly separate from the product by distillation (bp of 
enamine is 129130 °C, bp of triethylamine is 8990 °C). The inherent moisture 
sensitivity of the product eliminates the possibility of silica gel chromatography.26  
Evidence for the utility of the new haloenamine synthesis is shown in Scheme 1.5. 
Cyclic derivatives 1.21 and 1.22, prepared in high yield by the same sequence of 
reactions as for the synthesis of 1.7, were (without purification) subjected to the 
optimized conditions for Zn-catalyzed [2 + 2] annulation. In the presence of methyl 
acrylate, 1.21 provided access to spirocycle 1.23 (95% conversion and 61% isolated 
yield) in a single regioisomer, despite the steric presence of a seven-membered ring at the 
carbon - to the cyclobutyl carbonyl.  
Even more impressive, exposure of 1.22 to 3-methylene-2-norbornanone affords 
tetracyclic diketone 1.24 in >98% conv and the 3-acyl cyclobutanone was still the 
dominant product (3:2 rr, 60% isolated yield of major regioisomer, 40% isolated yield of 
                                                     
(26) Checkers of the Organic Syntheses prep (ref 25a) also observed that early fractions of 1.7 boiling at 
100-125 °C were mixtures of product and triethylamine. 
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the minor). The structure of the major regioisomer was confirmed by X-ray 
crystallography following crystallization of the isolated cyclobutanone from heptane.27 
Another remarkable feature of the cycloaddition pertains to the rapid formation of 
sterically-congested, 
contiguous carbon-
substituted quaternary 
carbon centers. Both 
carbonyl groups are poised 
for additional 
stereoselective bond-
forming events. 
1.4 Synthetic Utility of 3-Acyl Cyclobutanones. In support of this hypothesis, we 
investigated ring expansion and contraction reactions (Scheme 1.6) starting with 
cyclobutanone 1.12 as a representative synthon. After some optimization of the reaction 
conditions, Schmidt amidation was achieved in wet methanol with sulfuric acid as a 
promoter, affording lactam 1.25 as a single regioisomer in 62% yield. Baeyer-Villiger 
oxidation with m-CPBA under standard conditions provided lactone 1.26 in 76% yield. 
-Bromination at ambient temperature with pyridinium perbromide reacts quantitatively 
to give 1.27, a structure assigned as the syn-diastereomer based on 2D-NMR 
spectroscopy. Contrary to our initial predictions, when 1.27 is treated with sodium 
methoxide, a ring contraction afforded quantitative isolation of dimethylcyclopropane 
                                                     
(27) Regioisomers in this case are easily separable through the use of silica gel chromatography. 
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methyl diester 1.28.28 
Although the basis for 
diastereocontrol in -
bromination is not clear, 
contrasteric halogenation 
providing access to the 
opposite diastereomer would 
also be of great synthetic 
utility in natural product synthesis.29 
1.5. Unlikely Mechanistic Pathways for Cycloaddition.  The major 
cyclobutanone regioisomers 1.A isolated in the Zn-catalyzed process contain a 1,4-
dicarbonyl functionality and seem to originate from an inversion in polarity of the 
reactants. As depicted in Scheme 1.7, a conventional ionic mechanism that invokes 
keteneiminium 1.8 as an electrophilic reagent appears unlikely: participation of the 
electron-poor olefin 1.B as a nucleophile results in a destabilizing buildup of positive 
charge - to the carbonyl group (1.C), or as in the case of minor regioisomer 1.E, at the 
β-position (a primary carbocation for substrates currently within the scope of this 
transformation, see 1.D). If the Zn(II) salt acts as a Lewis acid and activates the carbonyl 
group of the -unsaturated carbonyl, a straightforward path to cyclobutanone can be 
drawn with the enamine nucleophile 1.7 through intermediates 1.F and 1.G (bottom of 
                                                     
(28) Chen, B.-C.; Ngu, K.; Guo, P.; Liu, W.; Sundeen, J. E.; Weinstein, D. S.; Atwal, K. S.; Ahmad, S. 
Tetrahedron Lett. 2001, 42, 6227–6229. 
(29) See references 3 and 4. 
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Scheme 1.7). However, the minor regioisomer (1.E) would form if this mechanism was 
operative, and this minor product is only observed in two cases of cycloaddition.  
        
1.5a. Plausible Mechanisms based on Zinc as a Lewis acid. Since the method is 
general for mono- and disubstituted  -olefins with a ketone, ester, or amide substituent 
(1.B, G = Me, OMe, NMe(OMe), or NMe2), we judged that a Lewis acid-promoted [4 + 
2] cyclization would be facile (1.H, Scheme 1.8), resulting in intermediate 1.I. Further 
reaction of strained iminium 1.I could proceed through two different pathways. Bond 
migration of the gem-dimethyl substituted CC bond gives a tertiary cation (1.J) that 
could be quickly trapped internally to give [2.1.1]bicyclic oxonium ion 1.K (blue 
arrows), a species that is stabilized through resonance if G is electron-donating. 
Subsequent iminium ion formation and hydrolysis would deliver the observed major 
regioisomer 1.A. A stereoelectronically disfavored 4-endo-trig bicyclization would then 
be needed to reach intermediate 1.L (red arrows), a potential precursor to the 2-acyl 
regioisomer 1.E. At this point, a pathway involving positively-charged intermediates 1.I, 
1.J and 1.K was considered as a plausible scenario for Zn-catalyzed cycloaddition, and 
we could account for the production of small amounts of regioisomer 1.E in the case of 
entry 6 (Table 1.2) and in the formation of 1.24 (Scheme 1.5) by invoking a Michael 
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addition/Mannich pathway described starting from 1.7 and circumventing formation of 
1.8 as an intermediate (bottom of Scheme 1.7). The fact that cations 1.I1.K are either 
tertiary or resonance-stabilized, and thus more stable than those in 1.C or 1.D (Scheme 
1.7), lends additional support to the mechanism outlined in Scheme 1.8. The strained and 
congested nature of bridged bicyclic intermediate 1.K was also a concern. A 
computational approach toward probing the electronic structure in the keteneiminium 
species 1.8 thus seemed appropriate for gaining more insight on its role in this process. 
 1.5b. Plausible Mechanistic Pathways Based on a Dual Role for Zinc. Each of 
the mechanisms considered thus far begins by interaction of the -unsaturated carbonyl 
with the keteneiminium LUMO. However, there is no reason to suspect that the reaction 
could not involve the keteneiminium HOMO and the vacant π* orbital on the electron-
deficient alkene.30 Another 
mechanistic scenario therefore 
emerges based on the alternative 
role for keteneiminium as a 
nucleophile (Scheme 1.9). The π-
component in 1.8 may engage the 
electrophilic β-carbon of the -unsaturated carbonyl species in an addition subject to 
LUMO-lowering by the Zn Lewis acid. Subsequent internal trapping of the tertiary cation 
by the Zn-enolate (1.M, Scheme 1.9) would generate dimethyliminium 1.N, the direct 
                                                     
(30) See reference 15. In contrast to the electron-rich olefins discussed in the article, the principle FMO 
interaction for reactions with electron-poor substrates could be between the HOMO of the keteneiminium 
and the LUMO of the olefin in Lewis-acid promoted cycloadditions with -unsaturated carbonyls. 
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product prior to hydrolysis. Closer examination of the proposed intermediate 1.M 
resulting from a stepwise process reveals cationic character -to an iminium 
functionality, so we propose that it is likely that this is a concerted asynchronous process. 
(the regiochemistry and timing of CC bond formation with respect to keteneiminium ion 
1.8 is the same here as that given in Scheme 1.8). However, the two mechanisms differ 
greatly in their underlying basis for zinc(II) catalysis; the latter clearly implies a dual role 
for Zn(OTf)2 in assisting both generation of the keteneiminium cation 1.8 and 
acceleration of addition to the various electrophilic -unsaturated carbonyl compounds. 
1.6. DFT Calculations and Mechanistic Implications. DFT calculations at the 
B3LYP/6-31G* level show that the 
HOMO-LUMO gap in 
tetramethylketeniminium cation is 
7.17 kcal/mol (Figure 1.1). This 
compares favorably to the result for dimethylketene itself of 7.26 kcal/mol (HOMO and 
LUMO calculations for ketene not shown); therefore, we would expect that ketene and 
keteneiminium salts should react similarly for thermal [2 + 2] cycloadditions. Upon 
comparison of the Mulliken populations in each electrophile, there are substantial 
differences in the electronic populations on the carbon atoms in each reagent. The DFT 
calculations show that, for ketene, Mulliken charges on the - and β- carbon atoms are 
+0.153 and +0.021 respectively, and the charge on the carbonyl oxygen is -0.241. In 
contrast, the Mulliken charges for the keteneiminium are +0.074 and -0.092 at the - and 
β- positions and +0.166 for the nitrogen atom, indicative of the electronic distribution 
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central at the -carbon of keteneiminium, whereas it centers on the oxygen atom in 
ketene. The localization of partial anionic charge at the β- carbon is unusual considering 
that the nitrogen lone pair is completely orthogonal to the CC π bond in the precursor 
enamined but we were more intrigued by the apparent attenuation of electrophilicity at 
the - carbon of keteneiminium (relative to ketene).  
1.7. Experimental Evidence To Support a Dual Role for the Zinc(II) Catalyst. In 
an effort to validate one of the two hypothesized mechanistic pathways, we searched for a 
means to separately evaluate the catalyst’s role for chloride abstraction from -
chloroenamine 1.7 and Lewis acid activation of the carbonyl. It was known from work by 
Ghosez8a and Weingarten17 that keteneiminium salts form quantitatively (and can indeed 
be observed and characterized spectroscopically) upon exposure of 1.7 to an appropriate 
Ag(I) salt in CH2Cl2 or acetonitrile (silver salts included AgBF4 and AgPF6). We chose to 
experiment with AgOTf since triflate may best approximate the true counterion identity 
under our reaction conditions. As indicated in Table 1.3, treatment of 1.7 with a 
stoichiometric amount of AgOTf in CH2Cl2 at 0 °C immediately gives a voluminous 
AgCl precipitate that can be filtered off under inert conditions; variable processing of the 
filtrate of 1.8 then gave the results entered in Table 1.3. In the absence of Zn(OTf)2, a 
mixture of tetramethylketeniminium 1.8 and MVK gives <5% conversion to 1.11 (entry 
1). However, addition of MVK and 25 mol % of catalyst to the solution of 1.8 allowed 
for smooth conversion to product, measured at 80% after 12 h at 40 °C (entry 2). These 
two outcomes clearly implicate a Lewis acid-base association between substrate and 
Zn(II) as a requirement for cycloaddition.  Entries 3 and 4 of Table 1.3 further 
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corroborate this 
hypothesis: if the 
experiment was 
initiated by a 25 
mol % excess of 
AgOTf without 
isolation of 1.8 in 
the presence of 
MVK, a comparable 75% conversion to product was observed (entry 3); this suggested 
that Zn(OTf)2 is not the only effective Lewis acid for activation of the -unsaturated 
carbonyl substrate. Finally, if styrene is added to 1.8 instead of MVK, 83% conversion to 
1.31 was observed in the absence of Zn(OTf)2 (entry 4).  
1.8. Reactions with Electron-Rich Olefins. This last result implied that electron-
rich olefins freely engage the keteneiminium through the typical electrophilic 
mechanism; in the case of styrene, the penultimate cationic intermediate is a stable 
benzylic cation (1.C, Scheme 1.7). The finding that electron-rich olefins can react under 
the catalytic conditions points to a way to probe the role of Zn(OTf)2 in keteneiminium 
ion formation; namely, successful catalysis of cyclobutanone synthesis starting from non-
carbonyl-substituted, but electronically modifiable olefins.  
Data shown in Table 1.4 confirm that the Ghosez conditions for cyclobutanone 
with simple mono- and disubstituted olefins were also subject to catalysis by Zn(OTf)2. 
As entry 1 shows, a stirred solution of cyclohexene, 1.7, and 25 mol % Zn(OTf)2 gives 
page 20
98% conversion (88% yield) of bicyclooctanone 1.29 after 36 h at ambient temperature. 
Cycloaddition of trans-1,3-decadiene proceeds to >98% conversion in 18 h at 22 °C, 
affording the 1-octenyl-substituted ketone 1.30 in 85% yield as a single regioisomer 
(entry 2). Additionally, styrene, p-methoxystyrene, and p-nitrostyrene cyclize smoothly 
in the 
presence of chloroenamine 1.7 to give the respective [2 + 2] adducts in high yields 
(8694% yield). All three of the latter reactions gave quantitative conversion under the 
indicated conditions (entries 35, Table 1.4), but monitoring the reactions by 1H NMR 
prior to completion allowed for manifestation of the expected rate differences. For 
instance, at a concentration of 0.25 M in CDCl3, p-nitrostyrene gave 14% conversion to 
1.33 in the same time (2 h) that p-methoxystyrene gave 75% conversion to 1.32. Again, 
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these data seem to be consistent with the hypothesis that non-carbonyl-substituted alkene 
substrates reacted with the keteneiminium ion through a conventional ionic pathway in 
which charge buildup at the benzylic position of the nucleophile is influenced by the 
electron-donating or electron-withdrawing effects of the para-substituent. 
1.9. Summary and Conclusion. We have demonstrated zinc(II) catalysis for an 
unusual cycloaddition of keteneiminium ions31 and electron-poor alkenes. 
Keteneiminium salts are accessed by catalytic halogen abstraction from -
chloroenamines, prepared by an improved one-pot protocol from the corresponding 
tertiary amide. In all but two cases studied, cycloaddition with electron-poor olefins 
results in a 3-acyl cyclobutanones as the exclusive product formed; we have shown the 
functionalized, strained, four-membered ring ketones to be useful for further 
functionalization though ring expansion and condensation reactions. The 1,4-dicarbonyl 
inherent regioisomer was verified through solving X-ray data and points to umpolung 
reactivity during the cycloaddition.32 On the basis of DFT calculations and experimental 
studies, a mechanism in which Zn(OTf)2 serves two functions is favored: the first role of 
Zn(II) is the chloride anion abstraction from the enamine starting material, giving 
tetrasubstituted keteneiminium ions as reactive intermediates; the second role for the 
Lewis acid is to activate the ,β-unsaturated carbonyl toward nucleophilic addition. This 
mechanistic proposal is supported by the following: (1) β-substituted substrates fail to 
                                                     
(31) The intermediates play a role in other reactions that begin with protonation or alkylation of 
nucleophilic ynamides. See: (a) Zhang, Y.; Hsung, R. P.; Zhang, X.; Huang, J.; Slafer, B. W.; Davis, A. 
Org. Lett. 2005, 7, 1047–1050 for a specific example. See: (b) DeKorver, K. A.; Li, H.; Lohse, A. G.; 
Hayashi, R.; Shi, Z.; Zhang, Y.; Hsung, R. P. Chem. Rev. 2010, 110, 5064–5106 for a recent review. 
(32) For another unexpected regiochemical outcome in a ketene cycloaddition reaction involving an 
electron-rich double bond, see: Cagnon, J. R.; Bideau, F. L.; Marchand-Brynaert; Ghosez, L. Tetrahedron 
Lett. 1997, 38, 2291–2294.  
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react under the standard reaction conditions; (2) the optimal catalyst loading (25 mol %) 
is relatively high, reflecting the need for the Lewis acid to succeed in separate tasks 
during [2 + 2] cycloaddition; and (3) donor olefins that would be well-disposed to react 
according to the established15 stepwise pathway in which the keteneiminium is the 
electrophile also react efficiently with substoichiometric amounts of Zn(OTf)2. The scope 
and generality of the Zn-catalyzed [2 + 2] towards the reactivity of β-monosubstituted -
chloroenamines in the transformation and its preferred means of enantiocontrol remain 
unexplored matters. 
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1.10. Experimental Section. 
General. Unless stated otherwise, reactions were carried out in flame-dried glassware 
under an atmosphere of nitrogen with standard Schlenk or vacuum line techniques. A 
preferred experimental setup for sonication consists of a variable output Misonix 3000 
sonicator equipped with an external water circulator to control the temperature of the bath 
in which the cup horn (sonar probe) is immersed. High-resolution mass spectrometry was 
performed on a JEOL AccuTOF-DART (positive mode) at the Mass Spectrometry 
Facility, Boston College. Dry and degassed solvents (CH2Cl2, pentane, and thf) were 
dispensed from a solvent purification system based on activated alumina columns.33 
Materials obtained from commercial sources were usually purified before use. 1-Chloro-
1-N,N,2-trimethylpropenylamine was carefully degassed under vacuum at -78 °C and 
then distilled with warming to 22 °C through a short path with the receiving flask cooled 
to -78 °C. A dry trimethylamine solution (2.0 M in pentane) was prepared as follows: (1) 
commercial gas was condensed onto potassium hydroxide pellets at -78 °C; (2) the 
resulting colorless mixture was stirred cold for 10 min and then distilled through a short 
path with warming into a preweighed flask kept at -78 °C; and (3) the resulting colorless 
liquid (8.87 g, 150 mmol) was dissolved in 75.0 mL of pentane and transferred by 
cannula to a dry Shlenk flask that could be stored at -20 °C for repeated use. N,N-
Dimethylisobutyramide was distilled under vacuum over calcium hydride. Zinc(II) 
triflate was rigorously dried under vacuum in an Abderhalden pistol containing P2O5 at 
80 °C. N,N-Dimethylcyclohexanecarboxamide was prepared by catalytic hydrogenation 
                                                            
(33) Pangborn, A. B.; Giardello, M. A.; Grubbs, R. H.; Rosen, R. K.; Timmers, F. J. Organometallics 1996, 
15, 1518–1520. 
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of benzoic acid34 and subsequent chlorination/amidation according to a procedure given 
below for N,N-dimethylcycloheptanecarboxamide. Methyl vinyl ketone, 3-methyl-3-
buten-2-one, methyl methacrylate, methyl acrylate, N,N-dimethylmethacrylamide, and 
N,N-dimethylacrylamide were freed of stabilizers by vacuum distillation at 22 °C over 
calcium sulfate through a short path with the receiving flask kept at -78 °C. Oxalyl 
chloride was distilled under nitrogen. Anhydrous ethyl acetate (for the bromination of 12) 
was distilled under nitrogen from CaH2. Pyridinium perbromide recrystallized as bright 
orange needles from cyclohexane. Cyclohexene was distilled under nitrogen. trans-1,3-
Decadiene, styrene, p-methoxystyrene, and p-nitrostyrene were vacuum distilled. Column 
chromatography was performed with normal phase silica gel 60 (230-400 mesh ASTM) 
and driven with compressed air. Analytical thin-layer chromatography was carried out 
with silica gel 60 F254 precoated plates (250 μm thickness) and potassium permanganate 
or ceric ammonium molybdate (CAM) stains for spot visualization. Infrared spectra were 
recorded on a FT-IR spectrophotometer, νmax in cm
-1. Bands are characterized as broad 
(br), strong (s), medium (m), and weak (w). 1H NMR spectra were recorded on 400 or 
500 MHz spectrometers and are reported relative to deuterated solvent signals (CDCl3: δ 
7.26 ppm; C6D6: δ 7.16 ppm). Data are reported as follows: chemical shift, integration, 
multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, sep = septet, bs = broad 
singlet, m = multiplet), and coupling constants (Hz). 13C NMR spectra were recorded on 
100 or 125 MHz spectrometers with complete proton decoupling. Chemical shifts are 
                                                            
(34) Maegawa, T.; Akashi, A.; Sajiki, H. Synlett 2006, 1440–1442.  
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reported in parts per million from tetramethylsilane with solvent as the internal reference 
(CDCl3: δ 77.16 ppm; C6D6: δ 128.39 ppm).  
1-Chloro-N,N,2-trimethyl-1-propenylamine (1.7). To a solution of N,N-
dimethylisobutyramide (1.19, 0.500 mL, 3.87 mmol) in 3.87 mL of pentane under 
nitrogen at -78 °C was added dropwise from a syringe neat oxalyl chloride (0.327 mL, 
3.87 mmol, 1.0 equiv). Upon slow (2 h) warming to 22 °C, a heterogeneous mixture was 
obtained that showed no starting material remaining according to TLC analysis. The 
supernatant was removed by cannula filtration under postitive nitrogen pressure, and the 
solid was washed with three 5 mL volumes of pentane. After removing the last pentane 
wash, the white solid was suspended in 3.87 mL of pentane and cooled to -78 °C. With 
vigorous stirring, cold trimethylamine (1.94 mL of 2.0 M solution, 3.87 mmol, 1.0 equiv) 
was then added dropwise and the heterogeneous mixture was transferred to a cold room 
(4 °C) for 12 h. The reaction never achieves homogeneity since trimethylamine 
hydrochloride precipitates as the intermediate chloroimidate (20) enters solution by 
deprotonation. Upon taking the sample into a glovebox, additional pentane was used to 
filter the mixture through a fine frit, affording a colorless filtrate that was concentrated in 
vacuo at -78 °C (to discourage violent bumping). This operation provided 0.465 g of a 
colorless, ready-to-use sample of -chloroeneamine 1.7 (90% yield), which can be stored 
for iterative use at -30 °C in a glovebox freezer. 1H and 13C NMR data for this compound 
are identical to that of vacuum-distilled commercial samples. 
3-Acetyl-2,2-dimethylcyclobutanone (1.11). Representative Thermal Procedure for 
Formal [2 + 2] Cycloaddition. In a glovebox, a flame-dried 2 dram (7.4 mL) vial 
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equipped with a stir bar was charged successively with methyl vinyl ketone (0.254 mL, 
3.13 mmol, 1.25 equiv), 1-chloro-N,N,2-trimethyl-1-propenylamine (1.7, 0.331 mL, 2.50 
mmol), and zinc(II) chloride (0.341 g, 2.50 mmol, 1.0 equiv). After sealing the vial with a 
rubber septum and removing it from the glovebox, 2.5 mL of CH2Cl2 was added under 
positive nitrogen pressure in a fume hood. The resulting heterogeneous mixture was 
tightly capped and stirred at 50 °C for 24 h, a point at which the solids had dissolved to 
form a yellow solution; 1.1 mL of 10:1 thf-H2O was then added to the solution to 
hydrolyze the iminium salt of the product. After 1 h of stirring, the mixture was diluted 
with 20 mL of CH2Cl2 and dried over magnesium sulfate. Vacuum filtration and 
concentration afforded a yellow oil which showed 97% conversion to product ketone 
(based on relative integration of 1H NMR signals corresponding to N,N-
dimethylisobutyramide (1.19), the product of -chloroenamine hydrolysis). Purification 
was achieved by passage through a short plug (2.5 cm height, 7.5 cm diameter) of silica 
gel in 3:1 hexanes/ethyl acetate (TLC Rf = 0.34 for ketone, 0.08 for amide). 
Concentration of the chromatography fractions yielded 0.283 g of product (81% yield) as 
a colorless oil: IR (thin film) 2966 (s), 2924 (m), 2869 (w), 1782 (s), 1708 (s), 1641 (w), 
1464 (m), 1442 (w), 1383 (m), 1364 (s), 1176 (s), 1160 (m), 1126 (m), 1066 (s) cm-1; 1H 
NMR (400 MHz, CDCl3) δ 3.56 (1H, dd, J = 17.9, 7.9 Hz), 3.09 (1H, dd, J = 8.4, 7.9 
Hz,), 2.78 (1H, dd, J = 17.9, 8.4 Hz), 2.16 (3H, s), 1.32 (3H, s), 0.98 (3H, s); 13C NMR 
(100 MHz, CDCl3) δ 210.3, 205.4, 64.1, 47.7, 43.1, 31.2, 23.2, 18.2; HRMS (ESI
+) calcd 
for C8H13O2
+ [M + H]+ 141.0916, found 141.0915. 
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Methyl 2,2-dimethyl-3-oxocyclobutanecarboxylate (1.12). Representative Sonication 
Procedure for Formal [2 +2] Cycloaddition. In a glovebox, a flame-dried 2 dram (7.4 mL) 
vial equipped with a stir bar was charged successively with methyl acrylate (0.281mL, 
3.12 mmol, 1.25 equiv), 1-chloro-N,N,2-trimethyl-1-propenylamine (1.7, 0.331mL, 2.50 
mmol), and zinc(II) triflate (0.227 g, 0.625 mmol, 0.25 equiv). The mixture was briefly 
stirred to blend its contents, and the vial was sealed tightly with a Teflon-lined screw cap. 
After removing the sample from the glovebox, the reaction was sonicated at 35 °C for 6 h 
(180 W, Misonix Sonicator 3000), during which time the solution turned yellow and, 
after 2 h, solidified; 1.1 mL of 10:1 thf-H2O was then added to the mixture to hydrolyze 
the iminium salt of the product. After 1 h of stirring, the mixture was diluted with 20 mL 
of CH2Cl2 and dried over magnesium sulfate. Vacuum filtration and solvent removal on a 
rotary evaporator afforded a yellow oil showing >98% conversion to product ketone 
based on the lack of detectable signals corresponding to N,N-dimethylisobutyramide 
(1.19), the product of -chloroenamine hydrolysis. Purification was achieved by filtration 
through a short plug (2.5 cm height, 7.5 cm diameter) of silica gel in 9:1 hexanes/ethyl 
acetate (TLC Rf = 0.31 for ketone, 0.0 for amide). Concentration of fractions gave 0.257 
g of a colorless oil (66% yield): IR (thin film) 2965 (s), 2930 (m), 2870 (w), 1788 (s), 
1735 (s), 1463 (m), 1438 (s), 1383 (m), 1353 (m), 1273 (w), 1208 (s), 1180 (s), 1163 (m), 
1131 (w), 1110 (w), 1065 (m), 1040 (m) cm-1; 1H NMR (500 MHz, CDCl3) δ 3.73 (3H, 
s), 3.52 (1H, dd, J = 17.9, 7.3 Hz), 3.08 (1H, dd, J = 17.9, 9.0 Hz), 2.94 (1H, dd, J = 9.0, 
7.3 Hz), 1.29 (3H, s), 1.10 (3H, s); 13C NMR (125 MHz, CDCl3) δ 211.0, 172.5, 64.3, 
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51.9, 44.7, 40.6, 23.0, 18.4; HRMS (ESI+) calcd for C8H13O3
+ [M + H]+ 157.0865, found 
157.0858. 
3-Acetyl-2,2,3-trimethylcyclobutanone (1.9). The sonication procedure described above 
was applied with 0.252 g of 3-methyl-3-buten-2-one (3.00 mmol, 1.2 equiv), 0.331 mL of 
1-chloro-N,N,2-trimethyl-1- propenylamine (1.7, 2.50 mmol), and 0.227 g of zinc(II) 
triflate (0.625 mmol, 0.25 equiv). A yellow oil was obtained after the hydrolytic workup 
(87% conversion by 1H NMR analysis), a Kugelrohr distillation apparatus was used for 
purification. First, N,N-dimethylisobutyramide (1.19) and the unreacted 3-methyl-3-
buten-2-one was removed at 1.8 Torr and 50 °C without isolation. Upon raising the 
temperature to 75 °C, the product distilled at 1.8 Torr over 6 h. Careful transfer and 
weighing of this distilled fraction delivered 0.283 g of a colorless oil (73% yield): IR 
(thin film) 2968 (m), 2929 (m), 2874 (w), 1779 (s), 1702 (s), 1460 (m), 1424 (w), 1404 
(w), 1386 (m), 1381 (m), 1357 (m), 1279 (w), 1184 (w), 1154 (m), 1122 (w), 1099 (w) 
cm-1; 1H NMR (400 MHz, CDCl3) δ 3.91 (1H, d, J = 17.4 Hz), 2.38 (1H, d, J = 17.4 Hz), 
2.17 (3H, s), 1.40 (3H, s), 1.18 (3H, s), 1.08 (3H, s); 13C NMR (100 MHz, CDCl3) δ 
210.7, 208.3, 64.0, 50.8, 48.1, 27.9, 20.9, 19.9, 17.3; HRMS (ESI+) calcd for C9H15O2
+ 
[M + H]+ 155.1072, found 155.1077. 
Methyl 1,2,2-trimethyl-3-oxocyclobutanecarboxylate (1.13). The sonication procedure 
described above was applied with 0.321 mL of methyl methacrylate (3.00 mmol, 1.2 
equiv), 0.331 mL of 1-chloro-N,N,2-trimethyl-1-propenylamine (1.7, 2.50 mmol), and 
0.227 g of zinc(II) triflate (0.625 mmol, 0.25 equiv). Upon obtaining an orange oil (91% 
conversion by 1H NMR analysis) after the hydrolytic workup, purification was achieved 
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by filtration through a short plug (2.5 cm height, 7.5 cm diameter) of silica gel in 10:1 
hexanes/ethyl acetate (TLC Rf = 0.32 for ketone, 0.0 for amide). Concentration of 
fractions yielded 0.269 g of a light yellow oil (63% yield): IR (thin film) 2970 (m), 2938 
(m), 2874 (w), 1785 (s), 1732 (s), 1460 (m), 1436 (m), 1403 (w), 1384 (m), 1365 (w), 
1296 (s), 1200 (s), 1157 (m), 1134 (s), 1104 (m), 1062 (m), 993 (w) cm-1; 1H NMR (500 
MHz, CDCl3) δ 3.78 (1H, d, J = 17.4 Hz), 3.72 (3H, br s), 2.62 (1H, dd, J = 17.6, 11.5 
Hz), 1.38 (3H, s), 1.11 (3H, d, J = 1.5 Hz), 1.10 (3H, d, J = 1.5 Hz); 13C NMR (125 MHz, 
CDCl3) δ 211.5, 174.9, 64.7, 52.6, 52.1, 42.5, 20.9, 20.0, 17.5; HRMS (ESI
+) calcd for 
C9H15O3
+ [M + H]+ 171.1021, found 171.1022. 
N,N,2,2-Tetramethyl-3-oxocyclobutanecarboxamide (1.14). The sonication procedure 
described above was applied with 0.310 g of N,N-dimethylacrylamide (3.13 mmol, 1.25 
equiv), 0.331 mL of 1-chloro-N,N,2-trimethyl-1-propenylamine (1.7, 2.50 mmol), and 
0.227 g of zinc(II) triflate (0.625 mmol, 0.25 equiv). Upon obtaining an orange oil after 
the hydrolytic workup (96% conversion by 1H NMR analysis), a Kugelrohr distillation 
apparatus was used for purification. First, N,N-dimethylisobutyramide (1.19) and the 
unreacted N,N-dimethylacrylamide were removed at 1.8 Torr and 50 °C without 
isolation. Upon raising the temperature to 125 °C, the product distilled at 1.8 Torr over 6 
h. Careful transfer and weighing of this distilled fraction delivered 0.353 g of a colorless 
oil (83% yield): IR (thin film) 2964 (w), 2929 (w), 2868 (w), 1779 (s), 1636 (s), 1499 
(w), 1463 (w), 1401 (w), 1263 (w), 1153 (m), 1072 (m) cm-1; 1H NMR (400 MHz, 
CDCl3) δ 3.89 (1H, dd, J = 18.1, 7.1 Hz), 3.18 (1H, dd, J = 8.8, 7.1 Hz), 3.06 (3H, s), 
3.02 (3H, s), 3.01 (1H, dd, J = 18.1, 8.8 Hz), 1.37  (3H, s), 1.06 (3H, s); 13C NMR (100 
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MHz, CDCl3) δ 212.2, 170.7, 63.5, 45.7, 39.2, 37.4, 35.9, 23.3, 18.4; HRMS (ESI
+) calcd 
for C9H16NO2
+ [M + H]+ 170.1181, found 170.1173. 
N,N,1,2,2-Pentamethyl-3-oxocyclobutanecarboxamide (1.15). The sonication 
procedure described above was applied with 0.376 mL of N,N-dimethylmethacrylamide 
(3.00 mmol, 1.2 equiv), 0.331 mL of 1-chloro-N,N,2-trimethyl-1-propenylamine (7, 2.50 
mmol), and 0.227 g of zinc(II) triflate (0.625 mmol, 0.25 equiv). Upon obtaining an 
orange oil after the hydrolytic workup (90% conversion by 1H NMR analysis), a 
Kugelrohr distillation apparatus was used for purification. First, N,N-
dimethylisobutyramide (1.19) and the unreacted N,N-dimethylmethacrylamide were 
removed at 1.8 Torr and 50 °C without isolation. Upon raising the temperature to 150 °C, 
the product distilled at 1.8 Torr over 6 h. Careful transfer and weighing of this distilled 
fraction delivered 0.330 g (80% yield) of a colorless oil that consisted of a pure 3:1 
mixture of regioisomeric cyclobutanones. Characterization follows for the major isomer, 
separable with 2:2:3:1 CH2Cl2/Et2O/hexanes/NH4OH as chromatographic eluant (TLC Rf 
= 0.33): IR (thin film) 2962 (w), 2928 (w), 2971 (w), 1779 (s), 1628 (s), 1496 (w), 1462 
(w), 1396 (m), 1382 (m), 1270 (w), 1158 (w), 1144 (w), 1114 (w), 1093 (m), 1065 (w), 
938 (w), 671 (w) cm-1; 1H NMR (500 MHz, CDCl3) δ 4.17 (1H, d, J = 17.6 Hz), 2.99 
(3H, s), 2.99 (3H, s), 2.62 (1H, d, J = 17.6 Hz), 1.41 (3H, s), 1.22 (3H, s), 1.19 (3H, s); 
13C NMR (125 MHz, CDCl3) δ 212.6, 173.8, 63.0, 55.9, 43.7, 37.7, 36.6, 21.7, 21.2, 17.1; 
HRMS (ESI+) calcd for C10H18NO2
+ [M + H]+ 184.1338, found 184.1341. 
N-Methoxy-N,2,2-trimethyl-3-oxocyclobutanecarboxamide (1.16). The sonication 
procedure described above was applied with 0.345 g of N-methoxy-N-methylacrylamide 
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(3.00 mmol, 1.2 equiv), 0.331 mL of 1-chloro-N,N,2-trimethyl-1-propenylamine (1.7, 
2.50 mmol), and 0.227 g of zinc(II) triflate (0.625 mmol, 0.25 equiv). Upon obtaining an 
oil after the hydrolytic workup (85% conversion by 1H NMR analysis), a Kugelrohr 
distillation apparatus was used for purification. First, N,N-dimethylisobutyramide (1.19) 
and the unreacted N-methoxy-N-methylacrylamide were removed at 1.8 Torr and 50 °C 
without isolation. Upon raising the temperature to 125 °C, the product distilled at 1.8 
Torr over 6 h. Careful transfer and weighing of this distilled fraction delivered 0.294 g of 
a colorless oil (64% yield): IR (thin film) 2967 (w), 2931 (w), 2870 (w), 1779 (s), 1655 
(s), 1462 (m), 1444 (m), 1420 (m), 1383 (m), 1298 (w), 1258 (w), 1178 (w), 1163 (w), 
1119 (w), 1067 (m), 1023 (w), 977 (w), 955 (w) cm-1; 1H NMR (500 MHz, CDCl3) δ 3.72 
(1H, dd, J = 17.9, 7.6 Hz), 3.71 (3H, s), 3.23-3.18 (4H, m), 2.97 (1H, dd, J = 18.1, 8.8 
Hz), 1.31 (3H, s), 1.04 (3H, s); 13C NMR (125 MHz, CDCl3) δ 212.8, 172.8, 64.5, 61.1, 
44.0, 39.0, 39.1, 32.5, 23.0, 18.3; HRMS (ESI+) calcd for C9H16NO3
+ [M + H]+ 186.1130, 
found 186.1127. 
N-Methoxy-N-methylmethacrylamide (substrate for the synthesis of 1.17). A 
synthesis was adapted from that reported for N-methoxy-N-methylacrylamide.35 The 
following modifications were made: (1) the reaction was carried out on 12.3 mmol scale 
with respect to the acid chloride; (2) 2.0 equiv of N,O-dimethylhydroxylamine 
hydrochloride was used; (3) 4.0 equiv of triethylamine was substituted for pyridine; and 
(4) thf was the solvent (0.5 M): IR (thin film) 2973 (w), 2937 (w), 1655 (s), 1629 (m), 
1458 (m), 1421 (w), 1377 (m), 1262 (w), 1177 (w), 1149 (w), 1118 (w), 1092 (w), 998 
                                                            
(35) Nahm, S.; Weinreb, S. M. Tetrahedron Lett. 1981, 22, 3815–3818. 
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(w), 945 (w), 917 (w), 888 (w) cm-1; 1H NMR (400 MHz, CDCl3) δ 5.29 (1H, quartet, J = 
1.1 Hz), 5.22 (1H, quintet, J = 1.7 Hz), 3.64 (3H, s), 3.23 (3H, s), 1.97 (3H, dd, J = 1.7, 
1.1 Hz); 13C NMR (100 MHz, CDCl3) δ 171.6, 140.3, 117.5, 61.4, 33.5, 20.1; HRMS 
(ESI+) calcd for C6H12NO2
+ [M + H]+ 130.0868, found 130.0861. 
N-Methoxy-N,1,2,2-tetramethyl-3-oxocyclobutanecarboxamide (1.17). The sonication 
procedure described above was applied with 0.387 g of N-methoxy-N-
methylmethacrylamide (3.00 mmol, 1.2 equiv), 0.331 mL of 1-chloro-N,N,2-trimethyl-1-
propenylamine (1.7, 2.50mmol), and 0.227 g of zinc(II) triflate (0.625 mmol, 0.25 equiv). 
Upon obtaining a yellow oil after the hydrolytic workup (87% conversion by 1H NMR 
analysis), a Kugelrohr distillation apparatus was used for purification. First, N,N-
dimethylisobutyramide (1.19) and the unreacted N-methoxy- N-methylmethacrylamide 
were removed at 1.8 Torr and 50 °C without isolation. Upon raising the temperature to 
150 °C, the product distilled at 1.8 Torr over 6 h. Careful transfer and weighing of this 
distilled fraction delivered 0.283 g of a colorless oil (57% yield): IR (thin film) 2968 (w), 
2935 (w), 2873 (w), 1777 (s), 1716 (w), 1648 (s), 1459 (m), 1406 (w), 1375 (m), 1362 
(m), 1261 (w), 1154 (m), 1110 (w), 1063 (w), 1002 (m), 751 (w), 730 (w), 657 (w), 426 
(w) cm-1; 1H NMR (500 MHz, CDCl3) δ 4.00 (1H. d, J = 17.6 Hz), 3.72 (3H, s), 3.21 
(3H, s), 2.51 (1H, d, J = 17.6 Hz), 1.40 (3H, s), 1.13 (3H, s), 1.12 (3H, s); 13C NMR (125 
MHz, CDCl3) δ 213.4, 176.6, 64.3, 60.7, 54.1, 43.6, 33.1, 21.1, 20.4, 16.8; HRMS (ESI
+) 
calcd for C10H18NO3
+ [M + H]+ 200.1287, found 200.1285. 
2,2-Dimethyl-3-oxocyclobutanecarboxylic acid (1.18). To a solution of 0.570 g (3.65 
mmol) of 1.12 in 5.1 mL of 7:1 thf-H2O was added lithium hydroxide (0.087 g, 3.65 
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mmol, 1.0 equiv). The solution was stirred for 18 h sealed under nitrogen at 22 °C, and 
the solvent was removed in vacuo. The off-white solid residue that remained (lithium 2,2-
dimethyl-3 oxocyclobutanecarboxylate) was then dissolved in 7.3 mL of thf at 0 °C and 
protonated by brief treatment (5 min) with anhydrous HCl (generated from NaCl and 
H2SO4 and gently bubbled through the solution). Passage through a cotton plug (to 
remove insoluble lithium chloride) and concentration afforded 0.470 g (91% yield) of the 
acid as a white solid (mp = 66-69 °C): IR (thin film) 3176 (br), 2967 (w), 2928 (w), 2871 
(w), 1786 (s), 1706 (s), 1494 (w), 1464 (w), 1444 (w), 1383 (w), 1327 (w), 1280 (w), 
1188 (w), 1130 (w), 1065 (w), 796 (w) cm-1; 1H NMR (400 MHz, CDCl3) δ 11.00 (1H, br 
s), 3.51 (1H, dd, J = 18.0, 7.2 Hz) , 3.12 (1H, dd, J = 18.0, 8.8 Hz), 3.01 (1H, dd, J = 8.8, 
7.2 Hz), 1.34 (3H, s), 1.20 (3H, s); 13C NMR (100 MHz, CDCl3) δ 210.6, 178.0, 64.9, 
44.7, 40.8, 23.3, 18.5; HRMS (ESI+) calcd for C7H11O3
+ [M + H]+ 143.0708, found 
143.0705. 
N,N-Dimethylcycloheptanecarboxamide (substrate for the synthesis of 1.22). To a 
stirring solution of oxalyl chloride (3.33 mL, 39.3 mmol, 1.0 equiv) in pentane (78.6 mL, 
0.5 M) at -78 °C was added dropwise 5.40 mL of cycloheptanecarboxylic acid (Aldrich, 
39.3 mmol, 1.0 equiv). After stirring for 2 h with slow warming of the reaction to 22 °C, 
all starting material was judged to be consumed by TLC analysis. At this point, the 
solution was recooled to- 78 °C and treated with 49.1 mL (98.3 mmol, 2.5 equiv) of a 2.0 
M solution of dimethylamine in pentane. A white precipitate formed immediately, and 
the solution was stirred at -78 °C for an additional 6 h before cannula filtration and 
concentration of the filtrate on a rotary evaporator. Column chromatography in 1:1 
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hexanes/ethyl acetate (TLC Rf = 0.33) furnished a light yellow oil that was further 
purified by short path vacuum distillation to give 5.55 g of a colorless oil (84% yield): IR 
(thin film) 2921 (m), 2856 (m), 1640 (s), 1495 (w), 1461 (w), 1411 (w), 1397 (w), 1362 
(w), 1255 (w), 1178 (w), 1135 (w), 1107 (w), 1056 (w), 1024 (w) cm-1; 1H NMR (400 
MHz, CDCl3) δ 3.03 (3H, s), 2.92 (3H, s), 2.682.62 (1H, m), 1.821.40 (12H, m); 
13C 
NMR (100 MHz, CDCl3) δ 218.6, 42.0, 37.4, 35.7, 31.4, 28.4, 27.0; HRMS (ESI
+) calcd 
for C10H20NO
+ [M + H]+ 170.1545, found 170.1550. 
1-Chloro-1-cycloheptylidene-N,N-dimethylmethanamine (1.21). This -
chloroenamine is prepared from 0.846 g (5.0 mmol) of N,N-
dimethylcycloheptanecarboxamide by direct analogy to the synthesis of 1.7, yielding 
0.798 g (85% yield) of 1.21 as a colorless oil: 1H NMR (400 MHz, C6D6) δ 2.42 (2H, dt, 
J = 17.6, 6.2 Hz), 2.28 (6H, s), 1.571.15 (8H, m), 0.87 (2H, dd, J = 7.1, 6.8 Hz); 13C 
NMR (100 MHz, CDCl3) δ 133.6, 43.3, 33.0, 32.1, 30.2, 29.7, 28.9, 27.2. IR and mass 
spectral data are not recorded; the compound undergoes rapid and quantitative hydrolysis 
upon exposure to air and moisture. 
Methyl 3-Oxospiro[3.6]decane-1-carboxylate (1.23). The sonication procedure 
described above was applied with 0.281 mL of methyl acrylate (3.00 mmol, 1.2 equiv), 
0.469 g of 1.21 (2.50 mmol), and 0.227 g of zinc(II) triflate (0.625 mmol, 0.25 equiv). 
Upon obtaining a light-orange oil after the hydrolytic workup (95% conversion by 1H 
NMR analysis), 1.21 and the unreacted methyl acrylate were removed at 1.8 Torr and 80 
°C without isolation. Passage of the remaining undistilled fraction through a plug of silica 
gel in 10:1 hexanes/ethyl acetate (TLC Rf = 0.30) provided 0.320 g of a colorless oil 
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(61% yield): IR (thin film) 2926 (m), 2857 (w), 1781 (s), 1732 (s), 1645 (w), 1461 (w), 
1438 (w), 1353 (w), 1267 (w), 1200 (m), 1174 (m), 1089 (w), 1029 (w) cm-1; 1H NMR 
(500 MHz, CDCl3) δ 3.72 (s, 3H), 3.42 (1H, dd, J = 17.7, 7.2 Hz), 3.02 (1H, dd, J = 17.7, 
8.9 Hz), 2.91 (1H, dd, J = 8.9, 7.2 Hz), 1.95 (1H, ddd, J = 11.5, 9.5, 2.2 Hz), 1.811.46 
(10H, m), 1.40 (m, 1H); 13C NMR (125 MHz, CDCl3) δ 211.6, 172.9, 72.5, 52.0, 44.4, 
41.5, 35.9, 30.8, 29.3, 29.1, 23.4, 23.2; HRMS (ESI+) calcd for C12H19O3
+ [M + H]+ 
211.1334, found 211.1341. 
1-Chloro-1-cyclohexylidene-N,N-dimethylmethanamine (1.22). This -
chloroeneamine is prepared from 0.776 g (5.0 mmol) of N,N-
dimethylcyclohexanecarboxamide by direct analogy to the synthesis of 1.7, yielding 
0.485 g (56% yield) of 1.22 as a colorless oil: 1H NMR (400 MHz, C6D6) δ 2.33 (1H, dd, 
J = 38.8, 1.2 Hz), 2.242.19 (2H, m), 1.63 (6H, s), 1.331.04 (6H, m), 0.73 (1H, dd, J 
=7.2, 6.8 Hz,); 13C NMR (100 MHz, C6D6) δ 138.9, 131.7, 43.4, 31.5, 31.2, 28.5, 27.7, 
27.3. IR and mass spectral data are not recorded; the compound undergoes rapid and 
quantitative hydrolysis upon exposure to air and moisture. 
Pentacyclic Diketone 1.24. The sonication procedure described above was applied with 
0.035 mL of 3-methylene-2-norbornanone (0.286 mmol, 1.0 equiv), 0.0500 g of 1-chloro-
1-cyclohexylidene-N,N-dimethylmethanamine (1.22, 0.286 mmol, 1.0 equiv), and 0.026 g 
of zinc(II) triflate (0.072 mmol, 0.25 equiv). Upon obtaining a yellow oil after the 
hydrolytic workup (>98% conversion by 1H NMR analysis), column chromatography in 
10:1 hexanes/ethyl acetate (TLC Rf = 0.20 for minor regioisomer, 0.27 for major 
regioisomer) furnished 0.041 g of major product (60% yield) and 0.027 g of minor 
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product (40% yield), both as colorless crystalline solids. Major regioisomer (mp = 7475 
°C): IR (thin film) 2932 (m), 2877 (w), 2856 (w), 1773 (s), 1735 (s), 1451 (w), 1382 (w), 
1304 (w), 1291 (w), 1276 (w), 1108 (w) cm-1; 1H NMR (400 MHz, CDCl3) δ 2.93 (1H, d, 
J = 17.4 Hz), 2.87 (1H, d, J = 17.4 Hz), 2.77 (1H, br m), 2.63 (1H, br m), 2.21 (1H, br d, 
J = 16.4 Hz), 1.96 (1H, br d, J = 12.0 Hz), 1.900.82 (14H, m); 13C NMR (100 MHz, 
CDCl3) δ 220.1, 210.3, 68.1, 53.9, 49.7, 47.3, 40.9, 36.2, 31.0, 30.3, 26.8, 25.8, 23.8, 
23.7, 23.5; HRMS (ESI+) calcd for C15H21O2
+ [M + H]+ 233.1542, found 233.1543. 
Minor regioisomer (mp = 7274 °C): IR (thin film) 2930 (m), 2877 (w), 2856 (w), 1769 
(s), 1732 (s), 1447 (m), 1392 (w), 1274 (w), 1204 (w), 1167 (w), 1151 (w), 1097 (m), 
1041 (m), 1021 (m), 948 (w), 910 (w) cm-1; 1H NMR (500 MHz, CDCl3) δ 3.02 (1H, d, J 
= 16.6 Hz), 2.71 (1H, d, J = 16.4 Hz), 2.68 (1H, ddd, J = 19.8, 4.6, 1.2 Hz), 2.45 (1H, br 
d, J = 13.2 Hz), 1.96 (1H, br d, J = 13.0 Hz), 1.921.42 (13H, m), 1.11 (1H, qt, J = 13.5, 
4.2 Hz), 0.85 (1H, ddd, J = 13.0, 8.8, 4.2 Hz); 13C NMR (125 MHz, CDCl3) δ 218.8, 
208.6, 66.8, 52.3, 50.9, 50.8, 42.7, 35.8, 30.9, 29.3, 26.0, 24.4, 23.9, 23.6, 23.5; HRMS 
(ESI+) calcd for C15H21O2
+ [M + H]+ 233.1542, found 233.1548. 
Methyl 2,2-Dimethyl-5-oxopyrrolidine-3-carboxylate (1.25). To a stirring solution of 
1.12 (17.0 mg, 0.106 mmol) in 0.42 mL of 3:1 MeOH-H2O, was added 60.0 μL of 
sulfuric acid (0.211 mmol, 2.0 equiv) at 22 °C. Commercial sodium azide was then added 
directly to the reaction mixture as a solid in one portion (8.0 mg, 0.13 mmol, 1.2 equiv), 
and the mixture was heated to 85 °C. After 3 h of stirring, an additional 1.2 equiv of 
sodium azide was added, and the reaction was stirred for 15 h. The sulfuric acid was then 
quenched by the dropwise addition of 1 mL of saturated sodium bicarbonate at 0 °C, and 
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the mixture was transferred to a small separatory funnel with 3 mL of ethyl acetate. After 
removing the organic layer, the aqueous layer was washed three times with 1 mL portions 
of ethyl acetate. Pooled organic layers were then dried over magnesium sulfate, filtered, 
and concentrated to yield 11.0 mg of a light yellow oil (>95% pure by 1H NMR analysis, 
62% yield): IR (thin film) 2982 (w), 1777 (s), 1735 (s), 1437 (w), 1391 (w), 1376 (w), 
1271 (m), 1259 (m), 1215 (m), 1172 (w), 1119 (m), 1088 (w), 1018 (w), 1001 (w), 965 
(w), 929 (w) cm-1; 1H NMR (400 MHz, CDCl3) δ 3.76 (3H, s), 3.20 (1H, dd, J = 9.7, 8.6 
Hz), 3.09 (1H, dd, J = 17.8, 9.7 Hz), 2.71 (1H, dd, J = 17.8, 8.6 Hz), 1.61 (3H, s), 1.31 
(3H, s); 13C NMR (100 MHz, CDCl3) δ 173.9, 170.4, 52.6, 50.6, 32.0, 29.9, 28.7, 23.5; 
HRMS (ESI+) calcd for C8H14NO3
+ [M + H]+ 172.0974, found 172.0979. 
cis-Methyl 4-Bromo-2,2-dimethyl-3-oxocyclobutanecarboxylate (1.27). Pyridinium 
perbromide (0.126 g, 0.394 mmol, 1.0 equiv) was added to 1.12 (51.4 mg, 0.394 mmol) 
in 0.66 mL of anhydrous ethyl acetate under inert atmosphere. After 48 h of stirring at 22 
°C, the turbid yellow reaction mixture was diluted with 4 mL of hexanes, dried over 
magnesium sulfate, filtered, and then concentrated by rotary evaporation to afford 74.0 
mg of a light orange oil (>96% pure by 1H NMR analysis, 96% yield, exclusively the cis-
diastereomer, determined by 2-D 1H NMR spectroscopy): IR (thin film) 2957 (w), 2931 
(w), 2871 (w), 1797 (s), 1735 (s), 1461 (w), 1437 (w), 1386 (w), 1354 (w), 1260 (m), 
1212 (m), 1177 (w), 1093 (w), 1053 (w), 978 (w), 849 (w) cm-1; 1H NMR (400 MHz, 
CDCl3) δ 5.43 (1H, d, J = 7.9 Hz), 3.82 (s, 3H), 3.11 (1H, d, J = 7.9 Hz), 1.44 (3H, s), 
1.18 (3H, s); 13C NMR (100 MHz, CDCl3) δ 203.4, 169.8, 62.5, 52.7, 52.0, 46.3, 24.1, 
18.9; LRMS (ESI+) calcd for C8H12BrO3
+ [M + H]+ 234.9970, found 235.0201. 
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Dimethyl-trans-3,3-Dimethylcyclopropane-1,2-dicarboxylate (1.28). A flame-dried 2 
dram (7.4 mL) vial equipped with a stir bar was charged with a solution of cyclobutanone 
1.27 (9.1 mg, 0.039 mmol, 1 equiv) in 0.30 mL of methanol and cooled to 0 °C. Sodium 
methoxide (10.7 μL of a 30% solution in methanol, 0.0580 mmol, 1.5 equiv) was then 
added dropwise by syringe. The reaction was stirred for 1 h at 0 °C and quenched with 
1.0 mL of a saturated solution of ammonium chloride. The resulting mixture was diluted 
with water (5 mL) and in a separatory funnel, and the aqueous layer was washed with 
three 6 mL volumes of Et2O. Combined organic layers were dried over magnesium 
sulfate, filtered, and concentrated to an oil (>98% yield). Spectroscopic data for this 
material matched that reported in the literature.36 
2,2-Dimethyl-3-(1-octenyl)-cyclobutanone (1.30). Representative Procedure for 
Catalytic [2 + 2] Cycloaddition with a Non-Carbonyl-Substituted Alkene. In a glovebox, 
a flame-dried 2 dram (7.4 mL) vial equipped with a small stir bar was charged in 
succession with trans-1,3-decadiene (190 mg, 1.0 mmol, 1.0 equiv), 1-chloro-N,N,2-
trimethyl-1-propenylamine (136 mg, 1.0 mmol), and zinc(II) triflate (91.0 mg, 0.250 
mmol, 0.25 equiv). After sealing the vial with a rubber septum and removing it from the 
glovebox, 1.0 mL of CH2Cl2 was added under positive nitrogen pressure in a fume hood, 
dissolving the reactants and forming a light yellow homogeneous solution. The vial was 
then sealed with a Teflon-lined screw cap and stirred for 18 h at 22 °C. Then, 0.5 mL of 
10:1 thf-H2O was added to the solution to hydrolyze the iminium salt of the product. 
After 1 h of stirring, the mixture was diluted with 3 mL of CH2Cl2 and dried over 
                                                            
(36) Sengmany, S.; Léonel, E.; Paugam, J. P.; Nédléc, J.-Y. Tetrahedron 2002, 58, 271–277. 
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magnesium sulfate. Vacuum filtration and concentration delivered a yellow oil that 
showed >98% conversion to product (based on the lack of detectable signals 
corresponding to 1.19). Purification was achieved by silica gel chromatography in 25:1 
hexanes/ethyl acetate (TLC Rf = 0.33). Concentration of fractions yielded 177 mg of a 
colorless oil (85% yield): IR (thin film) 2958 (m), 2924 (s), 2856 (m), 1778 (s), 1461 (m), 
1379 (w), 1363 (w), 1161 (w), 1062 (m), 968 (m), 757 (m), 733 (m) cm-1; 1H NMR (500 
MHz, CDCl3) δ 5.55-5.43 (2H, m), 3.12 (1H, dd, J = 17.4, 9.1 Hz), 2.94 (1H, dd, J = 
17.6, 7.8 Hz), 2.67-2.61 (1H, m), 2.06-2.02 (2H, m), 1.39-1.22 (8H, m), 1.17 (3H, s), 
1.02 (3H, s), 0.87 (3H, t, J = 6.7 Hz); 13C NMR (125 MHz, CDCl3) δ 214.8, 133.3, 128.4, 
63.1, 47.9, 39.2, 32.7, 31.8, 29.5, 28.9, 23.0, 22.8, 18.5, 14.2; HRMS (ESI+) calcd for 
C14H25O
+ [M + H]+ 209.1905, found 209.1907. 
Fused Bicyclobutanone 1.29. IR (thin film) 2930 (m), 2859 (w), 1763 (s), 1450 (m), 
1367 (w), 1313 (w), 1161 (w), 1012 (m), 971 (w), 916 (w), 904 (w), 834 (w); 1H NMR 
(500 MHz, CDCl3) δ 3.53-3.46 (1H, m), 2.12-2.05 (1H, m), 1.94-1.87 (1H, m), 1.861.78 
(1H, m), 1.571.37 (3H, m), 1.29 (s, 3H), 1.191.05 (3H, m), 1.02 (3H, s); 13C NMR 
(125 MHz, CDCl3) δ 216.2, 61.0, 52.5, 34.4, 26.4, 24.5, 22.29, 22.28, 20.5, 16.9; HRMS 
(ESI+) calcd for C10H17O
+ [M + H]+ 153.1279, found 153.1240. 
2,2-Dimethyl-3-phenylcyclobutanone (1.31). IR (thin film) 2961 (w), 2924 (w), 2864 
(w), 1775 (s), 1497 (w), 1460 (w), 1380 (w), 1364 (w), 1261 (w), 1159 (w), 1068 (m), 
1031 (w), 985 (w), 943 (w), 909 (w), 848 (w), 801 (w), 764 (m), 733 (w), 700 (s), 650 
(w), 568 (w) cm-1; 1H NMR (500 MHz, CDCl3) δ 7.36 (2H, dd, J = 7.6, 7.3 Hz), 
7.297.24 (1H, m), 7.20 (2H, d, J = 7.3 Hz), 3.47 (1H, dd, J = 16.4, 8.3 Hz), 3.41 (1H, 
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dd, J = 16.6, 8.3 Hz), 3.29 (1H, dd, J = 16.1, 8.3 Hz), 1.36 (3H, s), 0.79 (3H, s); 13C 
NMR (125 MHz, CDCl3) δ 213.7, 139.0, 128.5, 127.7, 126.8, 63.8, 46.0, 41.6, 23.6, 19.0; 
HRMS (ESI+) calcd for C12H15O
+ [M + H]+ 175.1123, found 175.1137. 
2,2-Dimethyl-3-(p-methoxyphenyl)cyclobutanone (1.32). IR (thin film) 2960 (w), 2926 
(w), 2865 (w), 2837 (w), 1775 (s), 1612 (w), 1583 (w), 1513 (s), 1461 (w), 1443 (w), 
1422 (w), 1381 (w), 1363 (w), 1302 (w), 1248 (s), 1180 (w), 1160 (m), 1035 (w), 1066 
(m), 826 (m) cm-1; 1H NMR (500 MHz, CDCl3) δ 7.11 (2H, d, J = 8.3 Hz), 6.89 (2H, d, J 
= 8.8 Hz), 3.81 (3H, s), 3.40 (1H, dd, J = 15.5, 7.7 Hz), 3.35 (1H, dd, J = 15.9, 7.6 Hz), 
3.27 (1H, dd, J = 15.5, 8.2 Hz), 1.33 (3H, s), 0.78 (3H, s); 13C NMR (125 MHz, CDCl3) δ 
214.1, 158.5, 131.1, 128.7, 114.0, 63.7, 55.4, 46.4, 40.9, 23.6, 19.0; LRMS (ESI+) calcd 
for C13H17O2
+ [M + H]+ 205.1229, found 205.1239. 
2,2-Dimethyl-3-(p-nitrophenyl)cyclobutanone (1.33). mp = 7882 °C; IR (thin film) 
2963 (w), 2927 (w), 2866 (w), 1775 (s), 1599 (m), 1514 (s), 1496 (w), 1461 (w), 1382 
(w), 1343 (s), 1293 (w), 1262 (w), 1184 (w), 1060 (w), 1139 (w), 1110 (w), 1066 (w), 
1014 (w), 988 (w), 942 (w), 866 (w), 853 (m), 759 (m), 713 (w), 698 (w) cm-1; 1H NMR 
(500 MHz, CDCl3) δ 8.23 (2H, d, J = 8.1 Hz), 7.36 (2H, d, J = 8.6 Hz), 3.543.45 (2H, 
m), 1.40 (3H, s), 0.80 (3H, s); 13C NMR (100 MHz, CDCl3): δ 211.6, 147.0, 147.0, 128.6, 
123.9, 64.8, 46.2, 41.8, 23.7, 19.1; HRMS (ESI+) calcd for C12H14NO3
+ [M + H]+ 
220.0974, found 220.0972. 
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X-ray Crystal Data for Spirocycle 1.24. 
 
Table 1.  Crystal data and structure refinement for sad. 
Identification code  C15H20O2 
Empirical formula  C15 H20 O2 
Formula weight  232.31 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Orthorhombic 
Space group  P 21 21 21 
Unit cell dimensions a = 6.2191(8) Å = 90°. 
 b = 11.1721(14) Å = 90°. 
 c = 17.860(2) Å  = 90°. 
Volume 1240.9(3) Å3 
Z 4 
Density (calculated) 1.243 Mg/m3 
Absorption coefficient 0.081 mm-1 
F(000) 504 
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Crystal size 0.12 x 0.10 x 0.02 mm3 
Theta range for data collection 2.15 to 25.99°. 
Index ranges -7<=h<=7, -13<=k<=13, -22<=l<=22 
Reflections collected 12713 
Independent reflections 2437 [R(int) = 0.0475] 
Completeness to theta = 25.99° 100.0 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9984 and 0.9904 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 2437 / 193 / 214 
Goodness-of-fit on F2 1.032 
Final R indices [I>2sigma(I)] R1 = 0.0371, wR2 = 0.0769 
R indices (all data) R1 = 0.0485, wR2 = 0.0817 
Absolute structure parameter 0.6(13) 
Extinction coefficient na 
Largest diff. peak and hole 0.190 and -0.146 e.Å-3 
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Table 2.  Atomic coordinates ( x 104) and equivalent isotropic displacement parameters 
(Å2x 103) for sad.  U(eq) is defined as one third of the trace of the orthogonalized Uij 
tensor. 
________________________________________________________________________ 
 x y z U(eq) 
________________________________________________________________________ 
O(1) 1557(2) 3878(1) 1640(1) 36(1) 
O(2) 6615(2) 4797(1) 3212(1) 31(1) 
C(1) 1134(3) 6737(2) 1966(1) 24(1) 
C(2) 790(3) 6744(2) 1120(1) 31(1) 
C(3) 2864(4) 6960(2) 698(1) 34(1) 
C(4) 4552(3) 6042(2) 917(1) 28(1) 
C(5) 4936(3) 6022(2) 1764(1) 22(1) 
C(6) 2841(2) 5818(1) 2196(1) 16(1) 
C(7) 1970(3) 4536(1) 2156(1) 21(1) 
C(8) 1888(3) 4386(1) 2992(1) 22(1) 
C(9) 3001(3) 5620(1) 3083(1) 17(1) 
C(10) 5289(3) 5544(1) 3385(1) 21(1) 
C(11) 5492(3) 6507(2) 3978(1) 27(1) 
C(12) 4272(3) 5962(2) 4652(1) 30(1) 
C(13) 1899(3) 6011(2) 4398(1) 27(1) 
C(14) 2017(3) 6559(1) 3610(1) 20(1) 
C(15) 3884(3) 7443(2) 3693(1) 25(1) 
________________________________________________________________________
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Table 3.   Bond lengths [Å] and angles [°] for sad. 
_____________________________________________________ 
O(1)-C(7)  1.2061(19) 
O(2)-C(10)  1.2140(19) 
C(1)-C(2)  1.527(2) 
C(1)-C(6)  1.533(2) 
C(1)-H(1A)  0.974(14) 
C(1)-H(1B)  0.991(14) 
C(2)-C(3)  1.513(3) 
C(2)-H(2A)  0.983(15) 
C(2)-H(2B)  0.981(14) 
C(3)-C(4)  1.519(3) 
C(3)-H(3A)  0.973(15) 
C(3)-H(3B)  0.994(15) 
C(4)-C(5)  1.531(2) 
C(4)-H(4A)  0.985(14) 
C(4)-H(4B)  0.987(14) 
C(5)-C(6)  1.532(2) 
C(5)-H(5A)  0.999(14) 
C(5)-H(5B)  0.964(14) 
C(6)-C(7)  1.533(2) 
C(6)-C(9)  1.602(2) 
C(7)-C(8)  1.502(2) 
C(8)-C(9)  1.551(2) 
C(8)-H(8A)  0.975(14) 
C(8)-H(8B)  0.978(14) 
C(9)-C(10)  1.524(2) 
C(9)-C(14)  1.537(2) 
C(10)-C(11)  1.514(2) 
C(11)-C(15)  1.533(2) 
C(11)-C(12)  1.548(3) 
C(11)-H(11)  0.968(15) 
C(12)-C(13)  1.545(3) 
C(12)-H(12A)  0.992(14) 
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C(12)-H(12B)  1.008(14) 
C(13)-C(14)  1.536(2) 
C(13)-H(13A)  0.982(14) 
C(13)-H(13B)  0.966(14) 
C(14)-C(15)  1.531(2) 
C(14)-H(14)  0.962(14) 
C(15)-H(15A)  0.987(14) 
C(15)-H(15B)  0.997(14) 
 
C(2)-C(1)-C(6) 111.49(14) 
C(2)-C(1)-H(1A) 108.2(10) 
C(6)-C(1)-H(1A) 108.0(11) 
C(2)-C(1)-H(1B) 110.4(10) 
C(6)-C(1)-H(1B) 108.9(10) 
H(1A)-C(1)-H(1B) 109.9(15) 
C(3)-C(2)-C(1) 111.94(16) 
C(3)-C(2)-H(2A) 108.9(11) 
C(1)-C(2)-H(2A) 107.4(11) 
C(3)-C(2)-H(2B) 110.7(12) 
C(1)-C(2)-H(2B) 109.9(11) 
H(2A)-C(2)-H(2B) 107.8(15) 
C(2)-C(3)-C(4) 110.71(15) 
C(2)-C(3)-H(3A) 108.6(12) 
C(4)-C(3)-H(3A) 109.2(13) 
C(2)-C(3)-H(3B) 111.4(11) 
C(4)-C(3)-H(3B) 109.4(11) 
H(3A)-C(3)-H(3B) 107.4(15) 
C(3)-C(4)-C(5) 111.81(15) 
C(3)-C(4)-H(4A) 110.0(11) 
C(5)-C(4)-H(4A) 109.1(11) 
C(3)-C(4)-H(4B) 108.0(11) 
C(5)-C(4)-H(4B) 109.5(11) 
H(4A)-C(4)-H(4B) 108.3(16) 
C(4)-C(5)-C(6) 111.60(14) 
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C(4)-C(5)-H(5A) 112.3(10) 
C(6)-C(5)-H(5A) 108.5(10) 
C(4)-C(5)-H(5B) 108.0(10) 
C(6)-C(5)-H(5B) 107.7(11) 
H(5A)-C(5)-H(5B) 108.6(15) 
C(5)-C(6)-C(7) 114.61(13) 
C(5)-C(6)-C(1) 110.72(13) 
C(7)-C(6)-C(1) 111.59(13) 
C(5)-C(6)-C(9) 117.82(13) 
C(7)-C(6)-C(9) 86.52(11) 
C(1)-C(6)-C(9) 113.61(12) 
O(1)-C(7)-C(8) 133.12(15) 
O(1)-C(7)-C(6) 132.85(15) 
C(8)-C(7)-C(6) 94.01(12) 
C(7)-C(8)-C(9) 89.43(12) 
C(7)-C(8)-H(8A) 114.4(11) 
C(9)-C(8)-H(8A) 115.6(10) 
C(7)-C(8)-H(8B) 111.7(10) 
C(9)-C(8)-H(8B) 113.1(11) 
H(8A)-C(8)-H(8B) 111.0(15) 
C(10)-C(9)-C(14) 101.10(13) 
C(10)-C(9)-C(8) 113.87(12) 
C(14)-C(9)-C(8) 119.56(13) 
C(10)-C(9)-C(6) 114.57(12) 
C(14)-C(9)-C(6) 119.11(12) 
C(8)-C(9)-C(6) 89.49(11) 
O(2)-C(10)-C(11) 127.60(15) 
O(2)-C(10)-C(9) 125.61(15) 
C(11)-C(10)-C(9) 106.62(13) 
C(10)-C(11)-C(15) 101.44(13) 
C(10)-C(11)-C(12) 102.90(14) 
C(15)-C(11)-C(12) 101.93(15) 
C(10)-C(11)-H(11) 112.1(11) 
C(15)-C(11)-H(11) 121.7(11) 
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C(12)-C(11)-H(11) 114.5(11) 
C(13)-C(12)-C(11) 103.02(14) 
C(13)-C(12)-H(12A) 112.7(11) 
C(11)-C(12)-H(12A) 109.9(11) 
C(13)-C(12)-H(12B) 112.5(11) 
C(11)-C(12)-H(12B) 110.3(11) 
H(12A)-C(12)-H(12B) 108.4(15) 
C(14)-C(13)-C(12) 103.74(15) 
C(14)-C(13)-H(13A) 111.1(11) 
C(12)-C(13)-H(13A) 113.2(11) 
C(14)-C(13)-H(13B) 109.9(11) 
C(12)-C(13)-H(13B) 111.3(11) 
H(13A)-C(13)-H(13B) 107.6(15) 
C(15)-C(14)-C(13) 101.79(14) 
C(15)-C(14)-C(9) 101.40(13) 
C(13)-C(14)-C(9) 107.95(12) 
C(15)-C(14)-H(14) 116.0(10) 
C(13)-C(14)-H(14) 113.5(10) 
C(9)-C(14)-H(14) 114.8(10) 
C(14)-C(15)-C(11) 95.01(12) 
C(14)-C(15)-H(15A) 113.4(11) 
C(11)-C(15)-H(15A) 111.0(11) 
C(14)-C(15)-H(15B) 111.8(11) 
C(11)-C(15)-H(15B) 110.9(11) 
H(15A)-C(15)-H(15B) 113.4(15) 
_____________________________________________________________ 
Symmetry transformations used to generate equivalent atoms:  
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Table 4.   Anisotropic displacement parameters (Å2x 103)for sad.  The anisotropic 
displacement factor exponent takes the form: -22[ h2a*2U11 + ... + 2 h k a* b* U12 ] 
________________________________________________________________________ 
 U11 U22 U33 U23 U13 U12 
________________________________________________________________________ 
O(1) 45(1)  25(1) 39(1)  -12(1) 8(1)  -13(1) 
O(2) 23(1)  34(1) 37(1)  8(1) 1(1)  10(1) 
C(1) 27(1)  21(1) 24(1)  -4(1) -5(1)  7(1) 
C(2) 39(1)  28(1) 27(1)  -6(1) -11(1)  17(1) 
C(3) 54(1)  24(1) 24(1)  2(1) -6(1)  1(1) 
C(4) 29(1)  29(1) 26(1)  -1(1) 5(1)  -4(1) 
C(5) 21(1)  21(1) 25(1)  1(1) 2(1)  -4(1) 
C(6) 15(1)  11(1) 21(1)  -2(1) -1(1)  0(1) 
C(7) 15(1)  15(1) 33(1)  -6(1) 3(1)  1(1) 
C(8) 19(1)  13(1) 35(1)  2(1) 5(1)  -2(1) 
C(9) 16(1)  12(1) 23(1)  3(1) 1(1)  0(1) 
C(10) 17(1)  21(1) 24(1)  10(1) 3(1)  -1(1) 
C(11) 25(1)  29(1) 27(1)  3(1) -6(1)  -5(1) 
C(12) 37(1)  30(1) 22(1)  4(1) -3(1)  2(1) 
C(13) 32(1)  21(1) 26(1)  1(1) 7(1)  2(1) 
C(14) 22(1)  15(1) 23(1)  0(1) 1(1)  2(1) 
C(15) 35(1)  18(1) 21(1)  -2(1) -3(1)  -4(1) 
________________________________________________________________________
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Table 5.   Hydrogen coordinates ( x 104) and isotropic displacement parameters (Å2x 
103) for sad. 
________________________________________________________________________
 x  y  z  U(eq) 
________________________________________________________________________ 
 
H(1A) 1640(30) 7526(13) 2116(10) 29 
H(1B) -230(30) 6547(15) 2228(9) 29 
H(2A) 220(30) 5955(14) 979(10) 37 
H(2B) -290(30) 7347(15) 986(11) 37 
H(3A) 3390(30) 7757(14) 821(11) 41 
H(3B) 2630(30) 6933(16) 148(9) 41 
H(4A) 5920(30) 6217(17) 661(10) 34 
H(4B) 4050(30) 5248(14) 751(10) 34 
H(5A) 5990(30) 5392(14) 1915(9) 27 
H(5B) 5500(30) 6793(13) 1909(10) 27 
H(8A) 2690(30) 3700(14) 3180(10) 27 
H(8B) 410(20) 4377(16) 3177(9) 27 
H(11) 6980(20) 6710(16) 4079(10) 33 
H(12A) 4550(30) 6446(15) 5108(9) 36 
H(12B) 4780(30) 5119(13) 4749(10) 36 
H(13A) 1200(30) 5223(14) 4386(10) 32 
H(13B) 1060(30) 6521(15) 4722(9) 32 
H(14) 680(20) 6893(14) 3442(9) 24 
H(15A) 3630(30) 8065(14) 4075(9) 30 
H(15B) 4350(30) 7773(15) 3200(9) 30 
________________________________________________________________________
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Table 6.  Torsion angles [°] for sad. 
________________________________________________________________ 
C(6)-C(1)-C(2)-C(3) -55.6(2) 
C(1)-C(2)-C(3)-C(4) 55.8(2) 
C(2)-C(3)-C(4)-C(5) -55.5(2) 
C(3)-C(4)-C(5)-C(6) 55.09(19) 
C(4)-C(5)-C(6)-C(7) 73.43(17) 
C(4)-C(5)-C(6)-C(1) -53.87(17) 
C(4)-C(5)-C(6)-C(9) 172.99(13) 
C(2)-C(1)-C(6)-C(5) 54.07(19) 
C(2)-C(1)-C(6)-C(7) -74.87(18) 
C(2)-C(1)-C(6)-C(9) -170.71(14) 
C(5)-C(6)-C(7)-O(1) -53.5(2) 
C(1)-C(6)-C(7)-O(1) 73.4(2) 
C(9)-C(6)-C(7)-O(1) -172.6(2) 
C(5)-C(6)-C(7)-C(8) 124.80(14) 
C(1)-C(6)-C(7)-C(8) -108.34(14) 
C(9)-C(6)-C(7)-C(8) 5.70(12) 
O(1)-C(7)-C(8)-C(9) 172.4(2) 
C(6)-C(7)-C(8)-C(9) -5.87(12) 
C(7)-C(8)-C(9)-C(10) -111.19(14) 
C(7)-C(8)-C(9)-C(14) 129.27(15) 
C(7)-C(8)-C(9)-C(6) 5.61(12) 
C(5)-C(6)-C(9)-C(10) -5.42(18) 
C(7)-C(6)-C(9)-C(10) 110.66(13) 
C(1)-C(6)-C(9)-C(10) -137.27(14) 
C(5)-C(6)-C(9)-C(14) 114.38(16) 
C(7)-C(6)-C(9)-C(14) -129.54(14) 
C(1)-C(6)-C(9)-C(14) -17.47(19) 
C(5)-C(6)-C(9)-C(8) -121.58(14) 
C(7)-C(6)-C(9)-C(8) -5.50(11) 
C(1)-C(6)-C(9)-C(8) 106.57(14) 
C(14)-C(9)-C(10)-O(2) 169.42(15) 
C(8)-C(9)-C(10)-O(2) 39.9(2) 
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C(6)-C(9)-C(10)-O(2) -61.17(19) 
C(14)-C(9)-C(10)-C(11) -6.08(15) 
C(8)-C(9)-C(10)-C(11) -135.62(14) 
C(6)-C(9)-C(10)-C(11) 123.33(13) 
O(2)-C(10)-C(11)-C(15) 155.55(16) 
C(9)-C(10)-C(11)-C(15) -29.08(16) 
O(2)-C(10)-C(11)-C(12) -99.22(19) 
C(9)-C(10)-C(11)-C(12) 76.15(15) 
C(10)-C(11)-C(12)-C(13) -70.97(17) 
C(15)-C(11)-C(12)-C(13) 33.89(17) 
C(11)-C(12)-C(13)-C(14) 0.68(18) 
C(12)-C(13)-C(14)-C(15) -35.06(17) 
C(12)-C(13)-C(14)-C(9) 71.18(17) 
C(10)-C(9)-C(14)-C(15) 39.29(14) 
C(8)-C(9)-C(14)-C(15) 165.12(14) 
C(6)-C(9)-C(14)-C(15) -87.18(16) 
C(10)-C(9)-C(14)-C(13) -67.24(16) 
C(8)-C(9)-C(14)-C(13) 58.60(19) 
C(6)-C(9)-C(14)-C(13) 166.30(14) 
C(13)-C(14)-C(15)-C(11) 54.82(15) 
C(9)-C(14)-C(15)-C(11) -56.47(15) 
C(10)-C(11)-C(15)-C(14) 51.62(15) 
C(12)-C(11)-C(15)-C(14) -54.38(15) 
________________________________________________________________ 
Symmetry transformations used to generate equivalent atoms:  
 
X-Ray Crystal Data for 2,2-Dimethyl-3-oxocyclobutanecarboxylic acid 1.18. 
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Table 1.  Crystal data and structure refinement for sad. 
Identification code  sad 
Empirical formula  C7H10O3 
Formula weight  142.15 
Temperature  173(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  C  2/c 
Unit cell dimensions a = 22.917(7) Å = 90°. 
 b = 5.6502(18) Å = 100.650(4)°. 
 c = 11.640(4) Å  = 90°. 
Volume 1481.3(8) Å3 
Z 8 
Density (calculated) 1.275 Mg/m3 
Absorption coefficient 0.100 mm-1 
F(000) 608 
Crystal size 0.41 x 0.10 x 0.08 mm3 
Theta range for data collection 1.81 to 28.17°. 
Index ranges -29<=h<=29, -7<=k<=7, -15<=l<=15 
Reflections collected 5843 
Independent reflections 1724 [R(int) = 0.0282] 
Completeness to theta = 28.17° 94.8 %  
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Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9921 and 0.9603 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 1724 / 10 / 121 
Goodness-of-fit on F2 1.058 
Final R indices [I>2sigma(I)] R1 = 0.0432, wR2 = 0.1060 
R indices (all data) R1 = 0.0594, wR2 = 0.1171 
Extinction coefficient noref 
Largest diff. peak and hole 0.256 and -0.178 e.Å-3 
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Table 2.   Bond lengths [Å] and angles [°] for sad. 
_____________________________________________________ 
O(1)-C(1)  1.1996(18) 
O(2)-C(5)  1.2172(17) 
O(3)-C(5)  1.3126(18) 
O(3)-H(3O)  0.876(15) 
C(1)-C(2)  1.513(2) 
C(1)-C(4)  1.526(2) 
C(2)-C(3)  1.537(2) 
C(2)-H(2A)  0.995(14) 
C(2)-H(2B)  0.981(14) 
C(3)-C(5)  1.4937(19) 
C(3)-C(4)  1.5825(19) 
C(3)-H(3)  0.963(13) 
C(4)-C(7)  1.510(2) 
C(4)-C(6)  1.527(2) 
C(6)-H(6A)  0.959(15) 
C(6)-H(6B)  0.990(15) 
C(6)-H(6C)  0.985(15) 
C(7)-H(7A)  0.997(15) 
C(7)-H(7B)  0.975(15) 
C(7)-H(7C)  0.976(15) 
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 C(5)-O(3)-H(3O) 111.3(14) 
O(1)-C(1)-C(2) 133.83(15) 
O(1)-C(1)-C(4) 132.60(14) 
C(2)-C(1)-C(4) 93.37(11) 
C(1)-C(2)-C(3) 87.51(11) 
C(1)-C(2)-H(2A) 108.5(10) 
C(3)-C(2)-H(2A) 110.9(10) 
C(1)-C(2)-H(2B) 119.9(10) 
C(3)-C(2)-H(2B) 116.0(10) 
H(2A)-C(2)-H(2B) 111.7(14) 
C(5)-C(3)-C(2) 117.16(12) 
C(5)-C(3)-C(4) 116.74(11) 
C(2)-C(3)-C(4) 90.29(11) 
C(5)-C(3)-H(3) 110.4(9) 
C(2)-C(3)-H(3) 112.0(9) 
C(4)-C(3)-H(3) 108.8(9) 
C(7)-C(4)-C(1) 115.59(12) 
C(7)-C(4)-C(6) 112.10(13) 
C(1)-C(4)-C(6) 111.36(13) 
C(7)-C(4)-C(3) 116.27(12) 
C(1)-C(4)-C(3) 85.42(10) 
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C(6)-C(4)-C(3) 113.59(11) 
O(2)-C(5)-O(3) 123.18(13) 
O(2)-C(5)-C(3) 123.48(13) 
O(3)-C(5)-C(3) 113.34(12) 
C(4)-C(6)-H(6A) 109.6(12) 
C(4)-C(6)-H(6B) 109.7(11) 
H(6A)-C(6)-H(6B) 106.6(16) 
C(4)-C(6)-H(6C) 112.5(12) 
H(6A)-C(6)-H(6C) 110.0(16) 
H(6B)-C(6)-H(6C) 108.3(15) 
C(4)-C(7)-H(7A) 109.5(11) 
C(4)-C(7)-H(7B) 111.1(12) 
H(7A)-C(7)-H(7B) 106.0(16) 
C(4)-C(7)-H(7C) 107.5(12) 
H(7A)-C(7)-H(7C) 111.6(17) 
H(7B)-C(7)-H(7C) 111.1(16) 
_____________________________________________________________ 
Symmetry transformations used to generate equivalent atoms:  
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Table 3.  Torsion angles [°] for sad. 
________________________________________________________________ 
O(1)-C(1)-C(2)-C(3) 160.79(18) 
C(4)-C(1)-C(2)-C(3) -14.30(11) 
C(1)-C(2)-C(3)-C(5) 134.32(13) 
C(1)-C(2)-C(3)-C(4) 13.76(10) 
O(1)-C(1)-C(4)-C(7) -44.3(2) 
C(2)-C(1)-C(4)-C(7) 130.91(13) 
O(1)-C(1)-C(4)-C(6) 85.2(2) 
C(2)-C(1)-C(4)-C(6) -99.65(13) 
O(1)-C(1)-C(4)-C(3) -161.28(17) 
C(2)-C(1)-C(4)-C(3) 13.91(11) 
C(5)-C(3)-C(4)-C(7) 109.08(15) 
C(2)-C(3)-C(4)-C(7) -130.01(13) 
C(5)-C(3)-C(4)-C(1) -134.58(13) 
C(2)-C(3)-C(4)-C(1) -13.67(10) 
C(5)-C(3)-C(4)-C(6) -23.25(18) 
C(2)-C(3)-C(4)-C(6) 97.66(14) 
C(2)-C(3)-C(5)-O(2) -11.1(2) 
C(4)-C(3)-C(5)-O(2) 94.25(17) 
C(2)-C(3)-C(5)-O(3) 169.47(13) 
C(4)-C(3)-C(5)-O(3) -85.16(16) 
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________________________________________________________________ 
Symmetry transformations used to generate equivalent atoms:  
  
Table 4.  Hydrogen bonds for sad [Å and °]. 
________________________________________________________________________ 
D-H...A d(D-H) d(H...A) d(D...A) <(DHA) 
________________________________________________________________________ 
 O(3)-H(3O)...O(2)#1 0.876(15) 1.774(16) 2.6502(15) 179(2) 
________________________________________________________________________ 
Symmetry transformations used to generate equivalent atoms:  
#1 -x,-y,-z      
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Chapter 2. Enantioselective Synthesis of Boron-
Substituted Quaternary Carbons by NHCCu-
Catalyzed Boronate Conjugate Additions to 
Unsaturated Carboxylic Esters, Ketones, or 
Thioesters 
 2.1. Introduction. Enantioselective, metal-catalyzed boron conjugate additions 
originated as a result of studies done in the 1990s by Evans, et al. on Rh-catalyzed 
conjugate reductions through the use of Wilkinson’s catalyst 2.3 and catechol or pinacol 
boranes (2.1  2.6, Scheme 2.1).37 The resulting boron enolate 2.5 was trapped with 
                                                            
(37) Evans, D. A.; Fu, G. C. J. Org. Chem. 1990, 55, 56785680. 
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benzaldehyde, the alcohol was acylated, and saturated esters 2.6 were isolated in 
moderate to high yields. They propose that the mechanism for Rh-catalyzed 
hydroboration proceeds through a four-membered transition state 2.4 involving the 
electron-poor olefin of the enone; this is similar to the understood mechanism for 
hydroboration of electron-rich olefins, where the boron nucleophile is added across the 
double bond in an anti-Markovnikov fashion.38 Marder made advancements in this area 
of research by isolating the active catalytic species in this transformation, a Rh(III)-
hydride complex 2.12, demonstrating that Rh(I) oxidatively inserts into the catechol 
borane BH bond.39 Marder later developed a method for the use of bis(catechol)diboron 
(B2(cat)2, 2.10) and bis(pinacolato)diboron (B2(pin)2, 2.9) as reagents for platinum-
catalyzed diboration of enones (2.7  2.11), hypothesizing that the mechanism involved 
oxidative insertion of Pt into the weak BB bond, followed by transfer of a boronate 
group to the -position of an enone, analogous to the mechanism for hydroboration.40 
The corresponding 1,4-diboration products 2.11 were reported to be isolated and 
characterized. 
                                                            
(38) For a discussion of stereochemistry of hydroboration, see: Brown, H. C.; Zweifel, G. J. Am. Chem. 
Soc. 1959, 81, 247. 
(39) For X-ray structure of the Rhodium-B(cat) complex, see: Westcott, S. A.; Taylor, N. J.; Marder, T. B.; 
Baker, R. T.; Jones, N. J.; Calabrese, J. C. J. Chem. Soc., Chem. Commun. 1991, 304305. 
(40) Lawson, Y. G.; Lesley, M. J. G.; Marder, T. B.; Norman, N. C.; Rice, C. R. Chem. Commun. 1997, 
20512052. 
page 105
2.1a. Use of Metal Catalysts for Boryl Conjugate Additions. In 2000, Hosomi 
applied principles from studies with Pt- and Rh-catalyzed transformations involving 
boron to the use of a catalytic quantity of a copper(I)-phosphine complex to promote 
boronate conjugate additions to -unsaturated ketones in dmf as solvent (Scheme 
2.2).41 The stable reagent B2(pin)2 (2.9) was chosen as the source for boron, and 
disubstituted acyclic and cyclic -boryl ketones were obtained in up to 87% yield. In 
addition, they established that the mechanism of the Cu-catalyzed reaction was 
mechanistically distinct from Rh- and Pt- catalyzed diborations: mixing equimolar 
                                                            
(41) Other solvents screened that furnished products in high yields included toluene and thf. For details see: 
Ito, H.; Yamanaka, H.; Tateiwa, J-i.; Hosomi, A. Tetrahedron Lett. 2000, 41, 68216825. 
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quantities of CuPBu3 with 2.9 in thf did not result in consumption of 2.9 without enone 
also present. This data contrasted with the Pt-catalyzed mechanism for diboration: GC 
analysis showed oxidative insertion of Pt into the BB bond without enone. Thus, they 
concluded that coordination of the enone to the Cu center was critical for the catalytic 
activity of Cu with 2.9. Additional 31P NMR studies revealed that the phosphine 
preferentially associated with Cu in the presence of 2.9.42 A year later, Srebnik and co-
workers published that a catalytic quantity of Pt(PPh3)4 could be used to promote non-
enantioselective borylation of -unsaturated ketones, aldehydes, and esters with 2.9. 
The -boryl products were isolated in 6886% yield.43 In this study, borylation of acyclic 
trisubstituted -unsaturated ketone 2.15 was also feasible, as shown in Scheme 2.2.  
2.1b. Enantioselective Borylation through the Use of Chiral Ligands on Metals. 
Enantioselective Cu-catalyzed 
borylation originated in the 
laboratories of Yun et al. in 2008, 
where she showed that chiral 
phosphineCu complexes (generated 
in situ via a copper alkoxide 
intermediate) could promote 
enantioselective conjugate borylation 
                                                            
(42) They observed a negligible change in 31P NMR chemical shift when PPh3 was exposed to 2.9, 
however, when the phosphine was mixed with the CuOTf, a large shift of the 31P signal was observed. See 
text for details. 
(43) Ali, H. A.; Goldberg, I.; Srebnik, M. Organometallics 2001, 20, 39623965. 
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in high yields and enantioselectivities (Scheme 2.2, with 2.20).44 She reported that, in 
order to achieve high reactivity of the chiral phosphineCu-complex, the addition of two 
equivalents of methanol was essential for catalyst turnover. This followed an observation 
during the pursuit of a non-enantioselective variant of the Cu-catalyzed borylation in 
2006.45 A proposed catalytic cycle identifying the role of MeOH is shown in Figure 2.1, 
and identifies it as a necessary additive for the protonation of 2.27 and regeneration of 
2.29 in the catalytic cycle. 
Since 2008, several alternative methods for catalytic, enantioselective -
borylation emerged as alternatives for enantioselective conjugate addition to disubstituted 
-unsaturated carbonyls including NHCCu-catalyzed methods (Scheme 2.2, with C1-
symmetric 2.22).46 Methanol as an additive in this system was also essential for high 
levels of conversion to desired product. The proposed mechanism involving an NHCCu-
B(pin) complex 2.23 as the reactive catalyst was also supported by an X-ray crystal 
structure previously solved by Sadighi and co-workers in 2005 (Scheme 2.2).47  
                                                            
(44) The enantioselective method of phosphineCu-catalyzed boronate conjugate addition was published in 
2008 in the presence of MeOH:  Lee, J-E.; Yun, J. Angew. Chem., Int. Ed. 2008, 47, 145147.  
(45) First application of MeOH for catalyst turnover: Mun, S.; Lee, J-E.; Yun, J. Org. Lett. 2006, 8, 
48874889.  
(46) (a) Lillo, V.; Prieto, A.; Bonet, A.; Mar Díaz-Requejo, M.; Ramírez, J.; Pérez, P. J.; Fernández, E. 
Organometallics 2009, 28, 659662. (b) Park, J. K.; Lackey, H. H.; Rexford, M. D.; Kovnir, K.; Shatruk, 
M.; McQuade, D. T. Org. Lett. 2010, 12, 50085011. (c) Chea, H.; Sim, H-S.; Yun, J. Adv. Synth. Catal. 
2009, 357, 855858. (d) Feng, X.; Yun, J. Chem. Commun. 2009, 65776579. (e) Sim, H-S.; Feng, X.; 
Yun, J. Chem.Eur. J. 2009, 15, 19391943.  
(47) Laitar, D. S.; Müller, P.; Sadighi, J. P. J. Am. Chem. Soc. 2005, 127, 1719617187. Sadighi had also 
published NHCCu-catalyzed nucleophilic additions. For additions to aldehydes, with crystal structures of 
the copper addition product, see: Laitar, D. S.; Tsui, E. Y.; Sadighi, J. P. J. Am. Chem. Soc. 2006, 128, 
1103611037. For NHCCu-catalyzed hydroborations, with crystal structures of that Cu-addition product, 
see: Laitar, D. S.; Tsui, E. Y.; Sadighi, J. P. Organometallics 2006, 25, 24052408. 
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In 2009, in the laboratories of Nishiyama and co-workers, chiral bisoxazoline 
ligands were applied to Rh-catalyzed enantioselective boronate conjugate additions to 
electron-rich -unsaturated esters, ketones and amides. The -hydroxy esters were 
isolated after oxidative cleavage of the BC bond (2.19, Scheme 2.2, with 2.18).48 
Although the products were generally obtained in high enantiopurity, a limited range of 
substrates were screened for Rh-catalyzed enantioselective borylation, and electron-
deficient substrates were not reactive, suggesting that an initial association of the olefin 
substrate with the metal center was essential for the oxidative addition. 
2.1c. Enantioselective Boryl Conjugate Additions to Trisubstituted Substrates. 
Despite advances in metal-catalyzed borylation, enantioselective boronate conjugate 
addition to trisubstituted 
electron-poor enones, 
remained an unmet 
challenge until 2009: 
Shibasaki and Kanai 
published the first 
disclosure of a 
phosphineCu-catalyzed boryl conjugate addition to cyclic trisubstituted -unsaturated 
ketones through the use of Quinox-P as a ligand for copper.49 The intrinsic ring strain of 
cyclic -unsaturated ketones aided in furnishing conjugate addition products in high 
yield, and the need for an alcohol additive was circumvented by employing 15 mol % 
                                                            
(48) Shiomi, T.; Adachi, T.; Toribatake, K.; Zhou, L.; Nishiyama, H. Chem. Commun. 2009, 59875989. 
(49) Chen, I-H.; Yin, L.; Itano, W.; Kanai, M.; Shibasaki, M. J. Am. Chem. Soc. 2009, 131, 1166411665. 
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LiOt-Bu as a base (Scheme 2.3). They proposed that the Lewis-acidic lithium cation can 
coordinate to an oxygen atom of the pinacolato group of 2.9 and activate it towards 
transmetallation. The absence of a proton source in the reaction mixture allowed access to 
the reactive boron enolate products prior to protonation during work-up. The 
intermediacy of the boron enolate was confirmed by means of electrophilic substitution: 
after reaction with benzaldehyde, aldol product 2.35 was isolated in 71% yield and 
95.5:4.5 er. However, no boryl conjugate additions to acyclic -unsaturated 
trisubstituted ketones were reported. The necessity for reactive catalysts for the 
facilitation of boryl conjugate additions to the analogous acyclic trisubstituted -
unsaturated carbonyls became apparent. 
2.2. Enantioselective NHCCu-Catalyzed Boron Conjugate Additions to -
substituted Enones, Esters, and Thioesters We introduced enantioselective NHCCu 
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based borylation processes that involve the use of aryl alkenes50 and terminal alkynes.51 
As described in Scheme 2.4, the use of 7.5 mol % of a chiral imidazolinium salt 2.37 in 
the presence of a catalytic quantity of a metal alkoxide base, Cu(I) and a stoichiometric 
amount of 2.9, can be used to form a nucleophilic NHCCuB(pin) complex in situ. The 
complex is well-poised to add across a double bond of a variety of different aryl 
substrates to furnish the enantiomerically enriched boronates, some examples of which 
are shown in Scheme 2.4 (2.38, 2.402.44). The NHCCu catalyzed method could be 
applied to a range of aryl alkenes and could be used for hydroboration of electron-poor 
olefins including sterically hindered 2.41 and unprotected allyl alcohol 2.42 in good 
yields, and with high enantioselectivity (86:14 to >98:2 er). A brief ligand screen for the 
hydroboration of cyclic olefins and chromenes revealed that the NHCCu complex 
derived from C2-symmetric imidazolinium salt 2.39 provided access to cyclic boronates 
with high efficiency and enantioselectivity 2.43 and 2.44.  
We hypothesized that we could apply the same catalytic system to allow access to 
-boryl carbonyls in an enantioselective manner with high levels of regio- and 
chemoselectivity. Applying the catalytic conditions towards NHCCu-catalyzed boryl 
conjugate additions to trisubstituted acyclic -unsaturated carbonyl substrates was an 
attractive starting point due to the challenging nature of this substrate class. Catalytic, 
enantioselective boronate conjugate additions52 that involve acyclic -unsaturated 
carbonyls and deliver quaternary carbon stereogenic centers remain scarce; existing 
                                                            
(50) Lee, Y.; Hoveyda, A. H. J. Am. Chem. Soc. 2009, 131, 31603161. 
(51) Lee, Y.; Jang, H.; Hoveyda, A. H. J. Am. Chem. Soc. 2009, 131, 1823418235.  
(52) Jerphagnon, T.; Pizzuti, M. G.; Minnaard, A. J.; Feringa, B. L. Chem. Soc. Rev. 2009, 38, 10391075. 
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methods for conjugate addition to sterically encumbered substrates involve the use of 
alkyl metal reagents to add to highly activated acyclic electrophiles such as 
nitroalkenes,53 Meldrum acids,54 or pyridylsulfones (with vinylboronic acids).55 Of 
particular significance are related processes that furnish boron-substituted quaternary 
carbons (Scheme 2.5);56 oxidation of the CB bond would deliver the product of a ketone 
aldol process in high enantiomeric purity.57 We were therefore optimistic that we could 
develop the NHCCu-catalyzed method for catalytic enantioselective conjugate boronate 
additions58 to trisubstituted alkenes of acyclic -unsaturated carboxylic esters, ketones, 
and alkylthioesters (2.45), resulting in the formation of boron-substituted quaternary 
carbon stereogenic centers (2.46, Scheme 2.5).59 Initial screening of boryl conjugate 
addition to 2.47 revealed that the use of the chiral sulfonate-containing imidazolinium 
salt 2.37 for formation of the requisite Cu complex for conjugate addition furnished -
boryl 2.48 efficiently and with high enantioselectivity (97% yield, 87:13 er, Scheme 2.5).  
 
                                                            
(53) Wu, J.; Mampreian, D. M.; Hoveyda, A. H. J. Am. Chem. Soc. 2005, 127, 45844585. 
(54) For example, see: Wilsily, A.; Fillion, E. J. Org. Chem. 2009, 74, 85838594. 
(55) Mauleón, P.; Carretero, J. C. Chem. Commun. 2005, 49614963. 
(56) For Cu-catalyzed enantioselective boronate conjugate additions to cyclic -substituted enones with 
chiral phosphine ligands, see: (a) Chen, I.-H.; Yin, L.; Itano, W.; Kanai, M.; Shibasaki, M. J. Am. Chem. 
Soc. 2009, 131, 1166411665. For enantioselective synthesis (non-catalytic) of an allyl boronate with a B-
substituted quaternary carbon stereogenic center, see: (b) Stymiest, J. L.; Bagutski, V.; French, R. M.; 
Aggarwal, V. K. Nature 2008, 456, 778782. 
(57) Generally efficient and highly selective catalytic enantioselective protocols for aldol additions to 
ketones are yet to be introduced. For an early report, see: (a) Denmark, S. E.; Fan, Y.; Eastgate, M. D. J. 
Org. Chem. 2005, 70, 52355248. For a recent review on Cu-catalyzed ketone aldol processes, see: (b) 
Shibasaki, M.; Kanai, M. Chem. Rev. 2008, 108, 28532873. For Ag-catalyzed aldol adition to -
ketoesters, see: (c) Akullian, L. C.; Snapper, M. L.; Hoveyda, A. H. J. Am. Chem. Soc. 2006, 128, 
65326533. 
(58) For Cu-catalyzed enantioselective boronate conjugate additions to unsaturated carbonyls with a 
disubstituted alkene, see: (a) reference 46, (b) references 48a and e. 
(59) For NHCCu-catalyzed allylic substitutions that furnish B-substituted quaternary carbon stereogenic 
centers, see: Guzman-Martinez, A.; Hoveyda, A. H. J. Am. Chem. Soc. 2010, 132, 1063410637. 
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2.3. Ligand Screening for Aryl and Alkyl Substrates. We began by investigating 
the ability of NHCCu complexes resulting from the in situ formation of the NHC 
derived  from  various   imidazolinium  salts  (Scheme 2.6 and  2.7)  to   serve   as   chiral 
catalysts; unsaturated ester 2.48 served as the substrate for initial screening. As 
mentioned previously, the first attempt at boryl conjugate addition was with sulfonate-
containing bidentate ligand 2.3760 and provided 2.48 in >98% conv, and 87:13 er. As the 
data in Scheme 2.6 indicate, a number of structurally distinct monodentate Cu carbenes 
were also investigated (2.22, 2.39, and 2.49-2.55) and found to offer reliable efficiency 
                                                            
(60) (a) Brown, M. K.; May, T. L.; Baxter, C. A.; Hoveyda, A. H. Angew. Chem., Int. Ed. 2007, 46, 
10971100. (b) May, T. L.; Brown, M. K.; Hoveyda, A. H. Angew. Chem., Int. Ed. 2008, 47, 73587362. 
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(95% to >98% conv). The C1-symmetric NHCCu complex derived from the use of 2.22 
delivered 2.48 in >98% conversion and 86:14 er. The use of C2-symmetric imidazolinium 
salt 2.39 produced 2.48 with diminished selectivity (>98% conv, 76:5:23.5 er). 
Ultimately it was through modification of the C1-symmetric NAr moiety that resulted in 
an improvement in enantioselectivity (see 2.22 vs 2.54 and compare to 2.55). The 
observation that slight modifications to the NAr moiety have dramatic effects on the 
enantioselectivity and efficiency of conjugate additions underscores an advantage of the 
monodentate C1-symmetric complexes: they are more easily modified compared to their 
C2-symmetric variants.
61 Interestingly, the ligand screening for acyclic alkyl enoate 2.56 
                                                            
(61) For development of C1-symmetric NHCCu complexes and their utility in conjugate additions of aryl- 
or vinylsilanes and dimethylphenylsilylpinacolatoboron, respectively, see: (a) Lee, K-s.; Hoveyda, A. H. J. 
Org. Chem. 2009, 74, 44554462. (b) Lee, K-s.; Hoveyda, A. H. J. Am. Chem. Soc. 2010, 132, 28982900. 
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resulted in a similar trend for enantioselectivity (Scheme 2.7). Again, modifications to the 
symmetric NAr of the C1-symmetric NHCs to incorporate sterically large 2,4,6-tri iso-
propyl aryl unit 2.55 provided products with the optimal levels of efficiency and 
enantioselectivity.  
2.4. Optimization of Quench Conditions. With an effective NHCCu complex 
identified, further optimization of conditions was performed. Illustrated in Scheme 2.8A, 
an unexpected observation was made regarding boryl conjugate addition with optimal 
NHC derived from 2.55: it appeared as if 2.57 was isolated in diminished enantiopurity if 
the amount of time 2.56 was allowed to react was shortened. For example, under 
otherwise identical conditions, 2.57 was isolated in 77.5:22.5 er after two hours, 2.57 was 
isolated in 86:14 er after 24 h, and 2.57 was isolated in 93:7 er after 36 h. In all cases, by 
1H NMR, borylation proceeded to complete conversion. This was a strange observation; 
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and at a first glance it would appear that the enantioselectivity of the reaction was time-
dependent. Thus, we performed a series of control experiments to ensure that the catalyst 
was effectively quenched at low temperature. Previously, conjugate additions were 
quenched with water at -78 °C in order to protonate the NHC and oxidize the metal to an 
unreactive oxidation state for borylation; however, water froze upon addition and melted 
upon slow warming to room temperature. We reasoned that it was possible that the 
reaction was not successfully quenching at -78 °C, so we screened a variety of different 
concentrations of acid solution to determine the most effective quenching method 
(Scheme 2.8B).  
As shown in Scheme 2.8B, the concentration of the solution was proportional to 
enantioenrichment (for both alkyl and aryl boronates 2.48 and 2.57). This data clearly 
indicated that the water as quenching agent was ineffective, and the optimal quenching 
agent was a 30% solution of HCl in MeOH, prepared by mixing 30% by volume of acetyl 
chloride in methanol. With the new quenching method implemented, 2.57 was isolated in 
94% yield and 93:7 er after twelve hours (Scheme 2.8C). Use of acidic MeOH to ensure 
quench at low temperature allowed us to establish that various aryl-substituted 
unsaturated esters undergo highly enantioselective Cu-catalyzed boronate conjugate 
additions in 1236 hours. 
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2.5. Identification of Substrate Scope for Boronate Conjugate Additions. 
Transformations with substrates bearing a 2-naphthyl substituent afforded the desired 
boronate 2.59 in quantitative yield and 96.5:3.5 er; in contrast, the presence of an ortho-
methyl substitution of the aryl group resulted in a diminution of reactivity and 
enantioselectivity (2.66, 31% yield and 53:47 er). Reactions with substrates bearing an 
electron-withdrawing para-bromo substitution or a para-trifluoromethyl furnished the 
desired products 2.67 and 2.62 in 93% yield and 98:2 and 99:1 er, respectively. 
Conjugate addition to the unsaturated ester bearing an electron-rich para-methoxyphenyl 
group afforded the desired -boryl ester 2.61 in 69% yield and 95:5 er but the addition 
was relatively slow, likely due to diminished substrate electrophilicity. A substrate that 
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contained an Et-substituted alkene underwent an efficient and selective process at -15 °C 
and the -boryl product 2.60 was isolated in 90% yield and 94.5:5.5 er. Formation of -
boronate ester 2.69, containing a -branched alkyl group, was efficient but substantially 
less selective (62% yield, 73.5:26.5 er) than the -branched 2.68, which was generated in 
94:6 er and in quantitative yield. 
NHCCu-catalyzed borylation was efficient for additions to both E- and Z-
substituted enoates: -boryl ester R-2.57 was isolated in 80% yield and 95.5:4.5 er and a 
similar level of efficiency and enantioselectivity was observed in the formation of S-2.64 
from Z-2.56 (vs R-2.57 from E-2.56). This was in contrast to aryl-substituted substrates: 
for example, when Z-2.47 was used, conjugate addition was performed at -30 °C for 
appreciable efficiency (vs -78 °C for E-2.47 in Scheme 2.9).62 The higher reactivity 
observed for alkyl-substituted Z-2.56 vs aryl Z-2.47 may be because the larger phenyl 
unit raises the energy of the enoate conformer when the carbonyl overlaps with the alkene 
(an A1,3-type interaction). This is consistent with the strong σ-donating ability of 
NHCCu complexes and π-Lewis acidity of the unsaturated carbonyl.63 
-Unsaturated ketones were competent substrates for the NHCCu-catalyzed 
borylation as well, but reactions proved to be somewhat less enantioselective than with 
enoates. The -boryl ketones 2.65 (Scheme 2.9) and 2.80 (Scheme 2.11) were obtained in 
73% and 89% yield and 82.5:17.5 and 92:8 er, respectively, and the transformation to 
                                                            
(62) At -78 °C, reaction of Z-2.47 proceeds to afford 22% R-2.48 in 81.5:18.5 er along with 45% of the 
corresponding conjugate reduction product. 
(63) For related DFT calculations, see: Dang, L.; Lin, Z.; Marder, T. B. Organometallics 2008, 27, 
44434454, and references cited therein. 
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sterically-demanding phenylketone 2.80, which was performed at -30 °C, proceeded with 
lower selectivity than that of the corresponding methyl ketone 2.65. Another notable 
attribute of the catalytic protocol was that the presence of MeOH was not required for 
borylation, and therefore access to the corresponding boron enolates was possible. 
Although reactivity in the absence of the proton source leads to reduction in the rate of 
borylation (2.65, 72% conv at 4 °C vs >98% conv at -78 °C), enantioselectivity remained 
high even at the higher temperature (91.5:8.5 vs 92:8).64  
2.6. Isolation of an Enantioenriched Saturated Ester and Rationale for 
Formation. If the enoate bore a sizable i-Pr unit at the -position (2.70, Scheme 2.9), the 
enantioenriched hydride 
conjugate addition 
product was isolated 
(51% conv, 33% yield 
at 22 °C, 24 h). We 
posited that when a less 
reactive substrate was 
used, the catalytically 
active NHCCu-B(pin) 
reacted with MeOH to generate MeOB(pin) and a sterically less-demanding NHCCuH, 
which promoted conjugate hydride addition (see Scheme 2.10). The proposed chiral 
NHCCu complex as a reactive intermediate was supported by (1) the finding that the 
                                                            
(64) The ratio of stereosiomers and identity of the major B-enolate isomer (if any) have not been rigorously 
determined. 
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saturated ester product is formed in 78:22 er, and (2) the observation that there was gas 
evolution (possibly hydrogen from the CuH reacting with methanol) over the course of 
borylation. 
2.7. NHCCu-Catalyzed Conjugate Additions to Thioester Substrates. Reactions 
of unsaturated thioesters were generally more enantioselective (vs esters or ketones) and 
could easily be converted into the -boryl esters or ketones through simple synthetic 
manipulations (Scheme 2.11). The thioester functionality allowed for access of a wider 
range of -boryl carbonyls in high enantiomeric purity, and also addressed the 
diminished selectivity observed in some of the previously mentioned cases. The finding 
that thioesters served as viable substrates for borylation was especially important, since 
the -unsaturated Weinreb amide corresponding to 2.47 was inert under the conditions 
described (<2% conv, 22 °C). Accordingly, we turned to unsaturated thioesters,65 leading 
us to establish that, as depicted in Scheme 2.11, NHCCu-catalyzed boronate addition to 
thioester 2.75 furnished the derived -boryl thioester 2.76 in 87% yield and 99:1 er. 
Although the reaction of 2.75 was slower than that of the corresponding -unsaturated 
                                                            
(65) Acyclic unsaturated thioesters have been utilized in Cuphosphine-catalyzed enantioselective 
conjugate additions with Grignard reagents. See: Mazery, R. D.; Pullez, M.; López, F.; Harutyunyan, S. R.; 
Minnaard, A. J.; Feringa, B. L. J. Am. Chem. Soc. 2005, 127, 99669967. 
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ester 2.47 and was performed at -50 °C (vs -78 °C), the desired product was obtained 
with higher enantiomeric purity (99:1 er vs 96.5:3.5 er). A similar trend in 
enantioselectivity was observed in reactions of alkyl-substituted thioesters that deliver -
boryl thioester products 2.772.79 with higher enantioselectivity than the corresponding 
esters (90.5:9.5 er for 2.78, and 97:3 er and 98:2 er for 2.77 and phenethyl thioesters 2.78 
respectively, Scheme 2.11). With a highly enantioselective method for synthesis of -
boryl thioesters available, we explored modes of thioester functionalization. -
Unsaturated ester 2.57 and enone 2.80 could be obtained from functionalization of the 
corresponding alkylthioesters in 6285% yield through Ag-mediated66 and Pd-catalyzed67 
procedures, respectively (Scheme 2.11). The above two-step protocol thus furnished 
products that were of higher enantiomeric purity than was available by direct conjugate 
additions to unsaturated esters or ketones. 
2.8. Functionalizations of Tertiary Boronates. Oxidation of the CB bond 
delivered tertiary alcohols in high yield 
(e.g., O-2.68 in >98% yield, Scheme 
2.12). The corresponding reactions for 
efficient CB to CN and CC conversion for tertiary boronates have yet to be disclosed. 
This study, as well as other recently-developed methods that allow access to 
enantioenriched and sterically hindered tertiary boronates, underscores the significance of 
                                                            
(66) Masamune, S.; Hayase, Y.; Schilling, W.; Chan, W. K.; Bates, G. S. J. Am. Chem. Soc. 1977, 99, 
67566758. 
(67) (a) Liebeskind, L. S.; Srogl, J. J. Am. Chem. Soc. 2000, 122, 1126011261. (b) Prokopcová, H.; 
Kappe, C. O. Angew. Chem., Int. Ed. 2009, 48, 22762286.  
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such future developments to provide routes to enantiomerically-enriched products with 
N-substituted or all-carbon quaternary stereogenic centers. 
2.9. Model for Observed Stereochemistry. Intermediacy of a chiral NHCCuB 
complex such as 2.81, reacting with an equivalent of enone (Scheme 2.13), provides a 
rationale for the levels and trends in selectivity. Alkene coordination likely occurs in a 
manner in which the CuB nucleophilic bond is aligned with the substrate π*, and the 
carbonyl moiety resides proximal to the NHC’s monosubstituted NAr (2.I vs 2.II). The 
model accounts for the enhanced selectivity observed as the size of the substituents of the 
dissymmetric NAr unit are increased, as well as the inferior enantioselectivity with 
NHCCu complex derived from meta-substituted 2.49. However, the origin of lower 
enantioselectivity delivered by the C2-symmetric complex derived from 2.39 (vs 2.55) is 
still difficult to explain with this model; such diminishment of enantioselectivity may be 
due  to conformational changes of  the four contiguous  aryl  units of the NHC, caused by  
the presence of the large 2,4,6-tri iso-propyl aryl unit present in complexes derived from 
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2.55 but not 2.39. The lower er values of a -branched substrate (e.g., 2.68 vs 2.69) may 
be due to steric repulsion with the methyl groups of the pinacol boronate. The reasons for 
inactivity of a Weinreb amide or improved selectivities with thioesters, on the other hand, 
require more detailed mechanistic investigations. 
2.10. Proposed Mechanism for Cu(I)-Mediated Borylation. Finally, it is 
important to note that the mechanism for NHCCu-catalyzed borylation most likely 
proceeds through a Cu(I)-Cu(I) mechanism, wherein the reactive NHCCuB(pin) 
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complex is linear with copper in a +1 oxidation state. This is substantiated by the X-ray 
crystal structure obtained by Sadighi and co-workers in 1995 (vide supra), in which the 
unsolvated geometry around the Cu center is linear. Current methods for Cu-catalyzed 
boron conjugate additions include those that involve the use of Cu(II) salt precursors.68 
The mechanism for reduction of Cu(II) organometallic complexes in situ merits 
discussion. Cu-mediated conjugate addition reactions are known to proceed through 
either Cu(I)-Cu(I) or Cu(I)-Cu(III) mechanisms;69 therefore it is likely that Cu(II) salt 
precursors are reduced to Cu(I) prior to formation of the CuB nucleophilic intermediate.  
We theorize that 2.9 can act as a reducing agent in basic conditions, as the BB 
bond in 2.9 is relatively weak, and, after it forms the reactive Cu-complex, the CuB σ-
bond HOMO is high in energy.70 Possible mechanisms for reduction of Cu(II) to Cu(I) 
involving possible intramolecular or intermolecular disproportion processes with Cu(II) 
and 2.9 are proposed in Scheme 2.14. Therefore, Cu(II) can serve as a reservoir of Cu(I) 
and is therefore a slow release source of Cu(I) for reactions involving NHCCu-B(pin). 
As outlined in Scheme 2.14, there are two possible mechanisms in which 2.9 can act as a 
reductant: (1) intermolecular disproportionation of the Cu(II) complex to 2 Cu(I) 
complexes by oxidizing the boronate ester (B(II)) to the alkoxy boronate ester (B(III)) or 
                                                            
(68) For representative examples of Cu-catalyzed boronate conjugate addition, see: Chea, H.; Sim, H-S.; 
Yun, J. Bull. Korean Chem. Soc. 2010, 551552. Thorpe, S. B.; Calderone, J. A.; Santos, W. L. Org. Lett. 
2012, 14, 20902093. For an example of boronate allylic substitution involving a Cu(II) salt, see: Guzman-
Martinez, A. J. Am. Chem. Soc. 2010, 132, 1063410637. Under the optimized conditions for NHCCu-
catalyzed boronate conjugate addition to trisubstituted esters, the use of 5 mol% Cu(OAc)2•H2O instead of 
CuCl is inefficient (<2 % conv with monodentate ligand, 10% conv with sulfonate-containing ligand). 
(69) For an excellent review of organocopper and cuprate mechanisms, see: Nakamura, E.; Mori, S. Angew. 
Chem. Int. Ed. 2000, 39, 37503771 and references therein. 
(70) For DFT calculations on the bond strengths of B2(pin)2 and CuB(pin) and a discussion of the 
mechanistic details of Cu(I)B(pin) nucleophilic additions, see: Dang, L.; Zhao, H.; Lin, Z.; Marder, T. 
Organometallics 2008, 27, 11781186. 
page 124
(2) homolytic CuB cleavage to form 2.9 and 2 Cu(I) complexes. Either way, under the 
reaction conditions, and in line with research done in this area, it is unlikely that the 
oxidation state of copper is +2. 
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2.11. Experimental Section: 
General. Infrared (IR) spectra were recorded on a Bruker FT-IR Alpha (ATR mode) 
spectrophotometer, νmax in cm
-1. Bands are characterized as broad (br), strong (s), 
medium (m), and weak (w). 1H NMR spectra were recorded on a Varian Unity INOVA 
400 (400 MHz) spectrometer. Chemical shifts are reported in ppm from tetramethylsilane 
with the solvent resonance as the internal standard (CDCl3: 7.26 ppm). Data are reported 
as follows: chemical shift, integration, multiplicity (s = singlet, d = doublet, t = triplet, q 
= quartet, sep = septet, bs = broad singlet, m = multiplet), and coupling constants (Hz). 
13C NMR spectra were recorded on a Varian Unity INOVA 400 (100 MHz) spectrometer 
with complete proton decoupling. Chemical shifts are reported in ppm from 
tetramethylsilane with the solvent resonance as the internal standard (CDCl3: 77.16 ppm). 
High-resolution mass spectrometry was performed on a JEOL AccuTOF-DART (positive 
mode) at the Mass Spectrometry Facility at Boston College. Enantiomer ratios were 
determined by HPLC analysis (Chiral Technologies Chiralpak AD–H, 4.6 x 250 mm, 
Chiral Technologies Chiralpak AS–H, 4.6 x 250 mm, Chiral Technologies Chiralcel OD–
H, 4.6 x 250 mm, Chiral Technologies Chiralcel OJ–H, 4.6 x 250 mm, and Chiral 
Technologies Chiralcel OD–R, 4.6 x 250 mm), and GLC analysis (Alltech Associated 
Betadex 120 column, 30 m x 0.25 mm; Alltech Associated CDB-DM 120 column, 30 m x 
0.25 mm), in comparison with authentic racemic materials. Unless otherwise noted, all 
reactions were carried out with distilled and degassed solvents under an atmosphere of 
dry N2 in oven- (135 °C) and flame-dried glassware with standard dry box or vacuum-
line techniques. Tetrahydrofuran (thf) was purified by distillation from sodium 
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benzophenone ketyl immediately prior to use. All workup and purification procedures 
were carried out in air. All solvents were purchased from Doe and Ingalls. 
Bis(pinacolato)diboron [B2(pin)2, 2.9] was received from Frontier Scientific, Inc. and 
recrystallized from pentane prior to use. All substrates are known compounds and were 
prepared based on a previously reported procedure.71 Sodium tert-butoxide and copper (I) 
chloride were purchased from Strem and used as received. All imidazolinium salts were 
reported previously.72 
■ Representative Procedure for NHC–Cu-Catalyzed Enantioselective Boron 
Conjugate Additions: Preparation of the desired NHC–CuOt-Bu: In an oven-dried vial 
(6 x 1 cm) equipped with a stir bar, imidazolinium tetrafluoroborate salt 2.55 (22 mg, 
0.033 mmol), NaOt-Bu (8.3 mg, 0.086 mmol), and CuCl (3.3 mg, 0.033 mmol) was 
added and charged with thf (1.0 mL) in the glovebox. After the solution was allowed to 
stir for two hours at 22 °C under a dry N2 atmosphere, it was filtered through a short plug 
of flame-dried Celite and rinsed with 1.0 mL of thf. An appropriate portion of the 
solution of NHC–CuOt-Bu (0.017 mmol in 1.0 mL of thf) was placed in a separate oven-
dried vial (6 x 1 cm), and the resulting solution was charged with B2(pin)2 (93 mg ,0.37 
mmol). The vessel was removed from the glovebox, placed in a fume hood and allowed 
to cool to -78 °C. (E)-Ethyl 3-phenylbut-2-enoate (2.47) (63 mg, 0.33 mmol) and MeOH 
(16 μL, 0.40 mmol) were added and the mixture was allowed to stir for 24 hours at -78 
°C, after which the reaction was quenched by the addition of 30% HCl in MeOH (1 mL). 
                                                            
(71) Deng, J.; Duan, Z.-H.; Huang, J.-D.; Hu, X.-P.; Wang, D.-Y.; Yu, S.-B.; Xu, X.-F.; Zheng, Z. Org. 
Lett. 2007, 9, 4825–4828. 
(72) (a) Van Veldhuizen, J. J.; Campbell, J. E.; Giudici, R. E.; Hoveyda, A. H. J. Am. Chem. Soc. 2005, 
127, 6877– 6882. (b) Brown, M. K.; May, T. L.; Baxter, C. A.; Hoveyda, A. H. Angew. Chem., Int. Ed. 
2007, 46, 1097–1100. (c) Lee, K.-s.; Hoveyda, A. H. J. Org. Chem. 2009, 74, 4455–4462. 
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The resulting mixture was subsequently allowed to warm to 22 °C, H2O (3 mL) was 
added, and the solution was neutralized through addition of a saturated solution of 
NaHCO3. The layers were separated, and the aqueous portion was washed with Et2O (5 
mL x 3). The combined organic layers were dried over MgSO4 and filtered. The volatiles 
were removed in vacuo and the resulting light yellow oil was purified by silica gel 
chromatography (hexanes/Et2O:5/1) to afford 86 mg (0.27 mmol, 80% yield) of (S)-ethyl 
3-phenyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)butanoate (2.48), as a colorless 
oil. IR (neat): 2977 (m), 1731 (s), 1379 (m), 1371 (s), 1348 (s), 1314 (s), 1175 (s), 1139 
(s) cm-1; 1H NMR (400 MHz, CDCl3): δ 7.36–7.33 (2H, m), 7.29–7.21 (2H, m), 7.15–
7.11 (1H, m), 4.17–4.05 (2H, m), 3.04 (1H, d, J = 16.0 Hz), 2.54 (1H, d, J = 16.4 Hz), 
1.41 (3H, s), 1.25–1.18 (15H, m); 13C NMR (100 MHz, CDCl3): δ 173.2, 146.0, 128.3, 
126.6, 125.6, 83.7, 60.4, 43.9, 24.7, 24.7, 22.9, 14.4; HRMS (ESI+) Calcd for C18H28BO4 
[M+H]+: 319.2081, Found: 319.2088. Specific rotation: [α]D
20 –13.6 (c 1.70, CHCl3) for a 
sample with 96.4:3.6 er. Enantiomeric purity was determined by HPLC analysis in 
comparison with authentic racemic material (96.4:3.6 er shown below; chiralpak AD–H 
column (25 cm x 0.46 cm), 99.8/0.2 hexanes/i-PrOH, 0.5 mL/min, 220 nm). 
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Retention time Area Area % Retention time Area Area % 
10.54 198114 50.110 10.48 87229 3.566 
11.21 197247 49.890 10.97 2358902 96.434 
 
Ethyl 3-methyl-5-phenyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pentanoate 
(2.57). IR (neat): 2977 (m), 1730 (s), 1370 (m), 1348 (s), 1314 (s), 1194 (s), 1166 (s), 
1139 (s) cm-1; 1H NMR (400 MHz, CDCl3): δ 7.27–7.22 (2H, m), 7.16–7.12 (3H, m), 
4.16–4.05 (2H, m), 2.64– 2.52 (3H, m), 2.23 (1H, d, J = 16.0 Hz), 1.74–1.64 (1H, m), 
1.60–1.50 (1H, m), 1.27 (6H, s),= 1.26 (6H, s), 1.23 (3H, t, J = 7.2 Hz), 1.06 (3H, s); 13C 
NMR (100 MHz, CDCl3): δ 173.2, 143.1, 128.3, 128.3, 125.6, 83.3, 60.1, 43.7, 41.2, 
31.9, 24.9, 24.8, 21.3, 14.3; HRMS (ESI+) Calcd for C20H32BO4 [M+H]
+: 347.2394, 
Found: 347.2399. 
(R)-2.57 Specific rotation: [α]D
20 +6.30 (c 0.793, CHCl3) for a sample with 95.4:4.6 er. 
Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material (95.4:4.6 er shown below; chiralcel OD–R column (25 cm x 0.46 cm), 
99.8/0.2 hexanes/i-PrOH, 0.6 mL/min, 220 nm). 
 
Retention time Area Area % Retention time Area Area % 
10.99 2378925 48.999 11.18 2309100 95.380 
13.21 2476151 51.001 13.23 111856 4.620 
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(S)-Ethyl 3-(4-bromophenyl)-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)butanoate (2.58). IR (neat): 2979 (w), 1801 (s), 1728 (m), 1475 (s), 1449 (s), 1392 (s), 
1372 (s), 1327 (s), 1143 (s) cm-1; 1H NMR (400 MHz, CDCl3): δ 7.39–7.36 (2H, m), 
7.23–7.19 (2H, m), 4.13–4.06 (2H, m), 2.95 (1H, d, J = 16.3 Hz), 2.52 (1H, d, J = 16.3 
Hz), 1.37 (3H, s), 1.21 (3H, t, J = 7.1 Hz), 1.18 (6H, s), 1.17 (6H, s); 13C NMR (100 
MHz, CDCl3): δ 173.0, 145.2, 131.3, 128.6, 119.5, 83.8, 60.5, 43.9, 24.7, 24.7, 22.7, 
14.4; HRMS (ESI+) Calcd for C18H27BO4Br [M+H]
+: 397.1186, Found: 397.1186. 
Specific rotation: [α]D
20 –11.5 (c 0.650, CHCl3) for a sample with 98.2:1.8 er. 
Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material (98.2:1.8 er shown below; chiralpak AD–H column (25 cm x 0.46 cm), 
99.8/0.2 hexanes/i-PrOH, 0.4 mL/min, 220 nm). 
 
Retention time Area Area % Retention time Area Area % 
14.11 1528909 50.474 14.10 481915 1.736 
16.06 1500192 49.526 15.53 27277630 98.264 
 
(S)-Ethyl 3-(naphthalen-2-yl)-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)butanoate (2.59). IR (neat): 2978 (m), 1731 (s), 1355 (m), 1335 (s), 1317 (s), 1142 (s) 
cm-1; 1H NMR (400 MHz, CDCl3): δ 7.79–7.71 (4H, m), 7.57 (1H, dd, J = 6.8, 1.6 Hz), 
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7.47–7.39 (2H, m), 4.19–4.10 (2H, m), 3.19 (1H, d, J = 13.2 Hz), 2.65 (1H, d, J = 12.8 
Hz), 1.54 (3H, s), 1.24 (3H, t, J = 5.6 Hz), 1.20 (12H, s); 13C NMR (100 MHz, CDCl3): δ 
173.2, 143.6, 133.7, 131.8, 128.0, 127.6, 127.5, 126.1, 125.8, 125.3, 124.2, 83.8, 60.4, 
43.8, 24.7, 24.7, 22.9, 14.4; HRMS (ESI+) Calcd for C22H30BO4 [M+H]
+: 369.2237, 
Found: 369.2242. Specific rotation: [α]D
20 –9.19 (c 0.52, CHCl3) for a sample with 
96.6:3.4 er. Enantiomeric purity was determined by HPLC analysis in comparison with 
authentic racemic material (96.6:3.4 er shown below; chiralpak AD-H column (25 cm x 
0.46 cm), 99.8/0.2 hexanes/i-PrOH, 0.4 mL/min, 220 nm). 
 
Retention time Area Area % Retention time Area Area % 
18.46 6861647 49.779 19.03 1608811 3.361 
22.01 6922487 50.221 22.16 46259870 96.639 
 
(S)-Ethyl 3-phenyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pentanoate (2.60). 
IR (neat): 2976 (m), 2936 (w), 1732 (s), 1372 (s), 1352 (s), 1314 (s), 1143 (s), 1113 (s) 
cm-1; 1H NMR (400 MHz, CDCl3): δ 7.29–7.23 (4H, m), 7.14–7.10 (1H, m), 4.09 (2H, q, 
J = 5.6 Hz), 2.93 (1H, d, J = 12.8 Hz), 2.83 (1H, d, J = 12.8 Hz), 2.04–1.86 (2H, m), 1.22 
(6H, s), 1.21 (3H, t, J = 5.6 Hz), 1.20 (6H, s), 0.64 (3H, t, J = 6.0 Hz); 13C NMR (100 
MHz, CDCl3): δ 173.2, 144.1, 128.2, 127.3, 125.4, 83.6, 60.3, 39.0, 28.2, 24.8, 24.8, 
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14.4, 8.5; HRMS (ESI+) Calcd for C19H30BO4 [M+H]
+: 333.2237, Found: 333.2240. 
Specific rotation: [α]D
20 –7.89 (c 0.933, CHCl3) for a sample with 94.5:5.5 er. 
Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material (94.5:5.5 er. shown below; chiralcel OJ–H column (25 cm x 0.46 cm), 
97/3 hexanes/i-PrOH, 0.4 mL/min, 220 nm). 
 
Retention time Area Area % Retention time Area Area % 
10.28 1842153 50.030 10.29 215356 5.467 
16.04 1839935 49.970 15.96 3723984 94.533 
 
(S)-Ethyl 3-(4-methoxyphenyl)-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)butanoate (2.61). IR (neat): 2977 (m), 2932 (w), 1730 (s), 1511 (s), 1166 (s), 1140 (s), 
1123 (s), 1031 (s), 847 (s), 829 (s) cm-1; 1H NMR (400 MHz, CDCl3): δ 7.27–7.24 (2H, 
m), 6.83–6.80 (2H, m), 4.14–4.06 (2H, m), 3.76 (3H, s), 3.00 (1H, d, J = 16.4 Hz), 2.51 
(1H, d, J = 16.4 Hz), 1.39 (3H, s), 1.26–1.19 (15H, m); 13C NMR (100 MHz, CDCl3): δ 
173.6, 157.8, 138.3, 127.9, 114.0, 83.9, 60.7, 55.6, 44.5, 25.5, 25.0, 23.2, 14.7; HRMS 
(ESI+) Calcd for C19H30BO5 [M+H]
+: 349.2186, Found: 349.2187. Specific rotation: 
[α]D
20 –7.80 (c 0.790, CHCl3) for a sample with 95.2:4.8 er. Enantiomeric purity was 
determined by HPLC analysis in comparison with authentic racemic material (95.2:4.8 er. 
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shown below; chiralpak AD–H column (25 cm x 0.46 cm), 99.8/0.2 hexanes/i-PrOH, 0.4 
mL/min, 220 nm). 
 
Retention time Area Area % Retention time Area Area % 
19.41 3463651 50.844 19.57 1057764 4.833 
21.28 3348650 49.156 21.00 20828970 95.167 
 
(S)-Ethyl 3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-3-[4-
(trifluoromethyl)phenyl] butanoate (2.62). IR (neat): 2980 (w), 2934 (w), 1733 (s), 
1618 (w), 1372 (w), 1325 (s) cm-1; 1H NMR (400 MHz, CDCl3): δ 7.52 (2H, d, J = 8.4 
Hz), 7.45 (2H, d, J = 8.4 Hz), 4.16– 4.05 (2H, m), 2.99 (1H, d, J = 16.4 Hz), 2.58 (1H, d, 
J = 16.4 Hz), 1.41 (3H, s), 1.23–1.18 (15H, m); 13C NMR (100 MHz, CDCl3): δ 172.9, 
150.4, 127.0, 127.0, 126.8, 125.2 (q, J = 3.7 Hz), 84.0, 60.6, 43.8, 24.7, 22.9, 14.4, 14.4; 
HRMS (ESI+) Calcd for C19H27BF3O4 [M+H]
+: 387.1954, Found: 387.1957. Specific 
rotation: [α]D
20 –10.3 (c 0.460, CHCl3) for a sample with 98.3:1.7 er. Enantiomeric purity 
was determined by HPLC analysis in comparison with authentic racemic material 
(98.3:1.7 er shown below; chiralpak AD–H column (25 cm x 0.46 cm), 99.8/0.2 
hexanes/i-PrOH, 0.4 mL/min, 220 nm). 
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 Retention time Area Area % Retention time Area Area % 
11.51 5873910 49.186 11.21 140278 1.657 
13.41 6068392 50.814 12.68 8327018 98.343 
 
(S)-2.64 Specific rotation: [α]D
20 –8.80 (c 0.700, CHCl3) for a sample with 91.9:8.1 er. 
Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material (91.9:8.1 er shown below; chiralcel OD–R column (25 cm x 0.46 cm),  
99.8/0.2 hexanes/i-PrOH, 0.6 mL/min, 220 nm). 
 
Retention time Area Area % Retention time Area Area % 
10.99 2378925 48.999 11.18 2309100 95.380 
13.21 2476151 51.001 13.23 111856 4.620 
 
(S)-4-Phenyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pentan-2-one (2.65). IR 
(neat): 2979 (m), 2928 (w), 1708 (s), 1373 (s), 1362 (s), 1344 (s), 1313 (s), 1144 (s) cm-1; 
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1H NMR (400 MHz, CDCl3): δ 7.36–7.33 (2H, m), 7.29–7.24 (2H, m), 7.15–7.11 (1H, 
m), 3.17 (1H, d, J = 18.0 Hz), 2.74 (1H, d, J = 18.0 Hz), 2.12 (3H, s), 1.33 (3H, s), 1.19 
(6H, s), 1.17 (6H, s); 13C NMR (100 MHz, CDCl3): δ 207.8, 146.0, 128.0, 126.3, 125.2, 
83.1, 53.8, 30.0, 24.4, 24.3, 22.6; HRMS (ESI+) Calcd for C17H26BO3 [M+H]
+: 289.1975, 
Found: 289.1982. Specific rotation: [α]D
20 27.0 (c 1.41, CHCl3) for a sample with 
92.2:7.8 er. Enantiomeric purity was determined by HPLC analysis in comparison with 
authentic racemic material (92.2:7.8 er shown below; chiralcel OD– H column (25 cm x 
0.46 cm), 99/1 hexanes/i-PrOH, 0.4 mL/min, 220 nm). 
 
Retention time Area Area % Retention time Area Area % 
12.26 1521129 50.679 12.21 676156 7.808 
14.84 1480347 49.321 14.79 7984121 92.191 
 
(S)-Ethyl 3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-3-o-tolylbutanoate (2.66). 
IR (neat): 2977 (m), 1729 (s), 1461 (m), 1371 (s), 1344 (s), 1314 (s), 1142 (s) cm-1; 1H 
NMR (400 MHz, CDCl3): δ 7.25–7.21 (1H, m), 7.14–7.06 (3H, m), 3.86 (2H, q, J = 7.2 
Hz), 2.85 (1H, d, J = 14.4 Hz), 2.69 (1H, d, J = 14.4 Hz), 2.39 (3H, s), 1.57 (3H, s), 1.24 
(12H, s), 0.99 (3H, t, J = 7.2 Hz); 13C NMR (100 MHz, CDCl3): δ 172.9, 143.3, 136.6, 
131.6, 127.0, 126.5, 126.4, 84.4, 60.4, 42.5, 25.5, 25.4, 22.6, 21.9, 14.7; HRMS (ESI+) 
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Calcd for C19H30BO4 [M+H]
+: 333.2237, Found: 333.2236. Enantiomeric purity was 
determined by HPLC analysis in comparison with authentic racemic material (52.7:47.3 
er shown below; chiralcel OJ–H column (25 cm x 0.46 cm), 99/1 hexanes/i-PrOH, 0.2 
mL/min, 220 nm). 
 
Retention time Area Area % Retention time Area Area % 
24.57 11976150 50.043 25.26 2580275 52.714 
28.82 11955680 49.957 29.52 2314558 47.286 
 
(S)-Ethyl 3-(2-bromophenyl)-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)butanoate (2.67). IR (neat): 2977 (m), 1726 (s), 1463 (m), 1371 (s), 1316 (s), 1143 (s) 
cm-1; 1H NMR (400 MHz, CDCl3): δ 7.51–7.48 (1H, m), 7.32–7.30 (1H, m), 7.26–7.22 
(1H, m), 7.05–7.00 (1H, m), 3.81 (2H, dq, J = 3.2, 1.6 Hz), 3.34 (1H, dd, J = 14.4, 1.6 
Hz), 2.62 (1H, dd, J = 14.4, 2.2 Hz), 1.57 (3H, s), 1.25 (12H, s), 0.94 (3H, td, J = 7.0, 2.4 
Hz); 13C NMR (100 MHz, CDCl3): δ 172.7, 144.4, 133.7, 129.7, 128.2, 127.8, 125.6, 
84.4, 60.2, 40.7, 25.6, 25.5, 21.7, 14.6; HRMS (ESI+) Calcd for C18H27BO4Br [M+H]
+: 
397.1186, Found: 397.1196. Specific rotation: [α]D
20 –35.1 (c 2.00, CHCl3) for a sample 
with 95.6:4.4 er. Enantiomeric purity was determined by HPLC analysis in comparison 
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with authentic racemic material (95.6:4.4 er shown below; chiralcel OJ–H column (25 cm 
x 0.46 cm), 99/1 hexanes/i-PrOH, 0.2 mL/min, 220 nm). 
 
Retention time Area Area % Retention time Area Area % 
28.86 3551313 50.004 28.29 45386550 95.571 
35.37 3550787 49.996 35.60 2103485 4.429 
 
(S)-Ethyl 3-cyclohexyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)butanoate 
(2.68). IR (neat): 2977 (w), 2926 (m), 2852 (w), 1732 (s), 1370 (m), 1313 (s), 1305 (s), 
1178 (s), 1141 (s) cm-1; 1H NMR (400 MHz, CDCl3): δ 4.15–4.03 (2H, m), 2.56 (1H, d, J 
= 16.0 Hz), 2.16 (1H, d, J = 16.0 Hz), 1.73–1.54 (5H, m), 1.27–1.02 (20H, m), 0.98–0.88 
(4H, m); 13C NMR (100 MHz, CDCl3): δ 174.1, 83.3, 60.1, 45.3, 42.2, 29.7, 27.9, 27.2, 
27.2, 26.9, 25.2, 25.2, 18.0, 14.5; HRMS (ESI+) Calcd for C18H34BO4 [M+H]: 325.2550, 
Found: 325.2562. Specific rotation: [α]D
20 –8.23 (c 1.44, CHCl3) for a sample with 94:6 
er. Enantiomeric purity was determined by GLC analysis of tertiary alcohol 2.68 after 
oxidation. For GLC trace, see compound O-2.68.  
(R)-Ethyl 3-cyclohexyl-3-hydroxybutanoate (O-2.68). IR (neat): 2979 (w), 2927 (s), 
2865 (m), 1715 (s), 1451 (w), 1371 (m), 1328 (m), 1194 (s) cm-1; 1H NMR (400 MHz, 
CDCl3): δ 4.22 4.08 (2H, m), 3.51 (1H, s), 2.51 (1H, d, J = 15.2 Hz), 2.38 (1H, d, J = 
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15.2 Hz), 1.89–1.63 (5H, m), 1.37 (1H, tt, J = 12.0, 2.8 Hz), 1.30–0.81 (11H, m); 13C 
NMR (100 MHz, CDCl3): δ 173.7, 73.2, 60.7, 48.1, 43.1, 28.0, 27.1, 26.8, 26.8, 26.7, 
23.9, 14.4; HRMS (ESI+) Calcd for C12H21O2 [M–OH]
+: 197.1541, Found: 197.1536. 
Specific rotation: [α]D
20 –7.34 (c 0.673, CHCl3) for a sample with 94:6 er. Enantiomeric 
purity was determined by GLC analysis in comparison with authentic racemic material 
(94:6 er shown below; β–dex chiral column (30 m x 0.25 mm, 95 ºC, 12 psi). 
 
Retention time Area Area % Retention time Area Area % 
469.257 2.85053e5 51.34681 471.557 2273.87402 5.99228 
481.950 2.70099e5 48.65319 482.166 3.56728e4 94.00772 
 
(R)-Ethyl 3,5-dimethyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)hexanoate 
(2.69). IR (neat): 2977 (w), 2955 (w), 1732 (s), 1468 (w), 1370 (s), 1312 (s), 1180 (s), 
1140 (s) cm-1; 1H NMR (400 MHz, CDCl3): δ 4.13–4.01 (2H, m), 2.47 (1H, d, J = 16.0 
Hz), 2.13 (1H, d, J = 16.0 Hz), 1.72–1.59 (1H, m), 1.40–1.32 (1H, m), 1.23–1.15 (16H, 
m), 0.98 (3H, s), 0.88 (3H, d, J = 3.6 Hz), 0.86 (3H, d, J = 3.6 Hz); 13C NMR (100 MHz, 
CDCl3): δ 173.3, 83.3, 60.1, 47.9, 44.3, 25.3, 25.1, 25.1, 24.9, 24.8, 21.8, 14.5; HRMS 
(ESI+) Calcd for C16H32BO4 [M+H]
+: 299.2394, Found: 299.2394. Specific rotation: 
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[α]D
20 –2.13 (c 1.17, CHCl3) for a sample with 73.6:26.4 er. Enantiomeric purity was 
determined by GLC analysis in comparison with authentic racemic material (73.6:26.4 er 
shown below; β–dex chiral column, 30 m x 0.25 mm, 90 ºC, 15 psi). 
 
Retention time Area Area % Retention time Area Area % 
407.523 9.60744e4 49.01492 407.586 5.55206e4 26.40902 
422.408 9.99361e4 50.98508 422.641 1.54713e5 73.59098 
 
(R)-Ethyl 4-methyl-3-phenylpentanoate (2.70). IR (neat): 2960 (m), 1734 (s), 1454 (w), 
1369 (w), 1255 (m), 1160 (m), 1114 (w), 1033 (w), 756 (w), 701 (s) cm-1; 1H NMR (400 
MHz, CDCl3): δ 7.34–7.31 (2H, m), 7.26–7.20 (3H, m), 4.02 (2H, q, J = 7.2 Hz), 2.97–
2.92 (1H, m), 2.83 (1H, dd, J = 15.2, 5.6 Hz), 2.64 (1H, dd, J = 15.2, 10.0 Hz), 1.92 (1H, 
dsep, J = 6.8, 6.8 Hz), 1.23 (3H, t, J = 7.2 Hz), 1.02 (3H, d, J = 6.8 Hz), 0.82 (3H, d, J = 
6.8 Hz); 13C NMR (100 MHz, CDCl3): δ 173.0, 143.0, 128.4, 128.2, 126.4, 60.2, 49.1, 
38.8, 33.3, 20.7, 20.5, 14.2; HRMS (ESI+) Calcd for C14H21O2 [M+H]
+: 221.1541, 
Found: 221.1538. Specific rotation: [α]D
20 +11.6 (c 1.13, CHCl3) for a sample with 
78.1:21.9 er. Enantiomeric purity was determined by HPLC analysis in comparison with 
authentic racemic material (78.1:21.9 er shown below; chiralcel OJ–H column (25 cm x 
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0.46 cm), 99/1 hexanes/i-PrOH, 0.4 mL/min, 220 nm). Absolute configuration was 
assigned by analogy to a previous report.73 
 
Retention time Area Area % Retention time Area Area % 
20.21 601196 49.296 20.20 2323906 78.060 
23.79 618366 50.704 23.88 653158 21.940 
 
(E)-Ethyl 3-phenylbut-2-enethioate (2.75). (Prepared based on a previously reported 
procedure.74) IR (neat): 2967 (w), 2928 (w), 1662 (s), 1601 (s), 1574 (m), 1445 (m), 1054 
(s), 1037 (s), 938 (s) cm-1; 1H NMR (400 MHz, CDCl3): δ 7.49–7.44 (2H, m), 7.38–7.32 
(3H, m), 6.40 (1H, q, J = 1.2 Hz), 2.95 (2H, q, J = 7.2 Hz), 2.56 (3H, q, J = 1.2 Hz), 1.30 
(3H, t, J = 7.6 Hz); 13C NMR (100 MHz, CDCl3): δ 189.6, 152.0, 141.8, 129.2, 128.6, 
126.5, 123.9, 23.5, 18.8, 14.9; HRMS (ESI+) Calcd for C12H15OS [M+H]
+: 207.0844, 
Found: 207.0842. 
(S)-Ethyl 3-phenyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)butanethioate 
(2.76). IR (neat): 2975 (m), 2930 (w), 1686 (s), 1378 (s), 1371 (s), 1349 (s), 1316 (s), 
1144 (s) cm-1; 1H NMR (400 MHz, CDCl3): δ 7.34–7.30 (2H, m), 7.29–7.23 (2H, m), 
                                                            
(73) Kanazawa, Y.; Tsuchiya, Y.; Kobayashi, K.; Shiomi, T.; Itoh, J.-i.; Kikuchi, M.; Yamamoto, Y.; 
Nishiyama, H. Chem.Eur. J. 2006, 12, 63–71. 
(74) Mazery, R. D.; Pullez, M.; López, F.; Harutyunyan, S. R.; Minnaard, A. J.; Feringa, B. L. J. Am. 
Chem. Soc. 2005, 127, 9966–9967. 
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7.15–7.11 (1H, m), 3.29 (1H, d, J = 16.4 Hz), 2.92–2.79 (3H, m), 1.37 (3H, s), 1.24–1.18 
(15H, m); 13C NMR (100 MHz, CDCl3): δ 198.9, 145.8, 128.3, 126.5, 125.7, 83.7, 53.7, 
24.7, 24.7, 23.4, 22.4, 15.0; HRMS (ESI+) Calcd for C18H28BO3S [M+H]
+: 335.1852, 
Found: 335.1837. Optical rotation: [α]D
20 –41.2 (c 0.650, CHCl3) for a sample with 99:1 
er. Enantiomeric purity was obtained after reduction of 2.76 to the corresponding 
aldehyde (see below).74 
(S)-3-Phenyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)butanal. IR (neat): 2977 
(m), 2929 (w), 2877 (w), 2821 (w), 2720 (w), 1721 (s), 1371 (s), 1346 (s), 1310 (s), 1226 
(m), 1138 (s), 1112 (s), 846 (s), 699 (s) cm-1; 1H NMR (400 MHz, CDCl3): δ 9.73 (1H, s), 
7.28–7.18 (4H, m), 7.09 (1H, t, J = 7.0 Hz), 3.06 (1H, d, J = 18.0 Hz), 2.73 (1H, d, J = 
18.0 Hz), 1.39 (3H, s), 1.20 (6H, s), 1.17 (6H, s); 13C NMR (100 MHz, CDCl3): δ 202.4, 
145.6, 128.5, 126.6, 125.8, 83.9, 54.0, 24.7, 24.7, 22.8; HRMS (ESI+) Calcd for 
C16H24BO3 [M+H]
+: 275.1818, Found: 275.1820. Specific rotation: [α]D
20 –31.4 (c 1.00, 
CHCl3) for a sample with 99:1 er. Enantiomeric purity was determined by HPLC analysis 
in comparison with authentic racemic material (99:1 er shown below; chiralpak AS–H 
column (25 cm x 0.46 cm), 95/5 hexanes/i-PrOH, 0.5 mL/min, 220 nm). 
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Retention time Area Area % Retention time Area Area % 
8.40 2597758 49.846 8.40 7461 1.055 
8.99 2613846 50.154 8.99 700003 98.945 
 
(E)-Ethyl 4-cyclohexyl-3-methylbut-2-enethioate (thioester substrate for 2.77). 
(Prepared based on a previously reported procedure.74) IR (neat): 2922 (s), 2850 (m), 
1672 (s), 1621 (s), 1448 (m), 1413 (w), 1383 (w), 1264 (w), 1195 (w), 1130 (w), 1047 
(s), 1031 (s), 997 (s), 844 (s), 806 (s) cm-1; 1H NMR (400 MHz, CDCl3): δ 5.85 (1H, d, J 
= 1.2 Hz), 2.83 (2H, q, J = 7.6 Hz), 2.06 (3H, d, J = 1.2 Hz), 1.91 (2H, d, J = 7.2 Hz), 
1.67–1.57 (5H, m), 1.50–1.40 (1H, m), 1.24–1.01 (6H, m), 0.86–0.76 (2H, m); 13C NMR 
(100 MHz, CDCl3): δ 189.3, 155.9, 123.9, 48.9, 35.8, 33.2, 26.3, 26.2, 23.1, 19.8, 14.9; 
HRMS (ESI+) Calcd for C13H23OS [M+H]
+: 227.1470, Found: 227.1468. 
(R)-Ethyl 4-cyclohexyl-3-methyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2- 
yl)butanethioate (2.77). IR (neat): 2974 (m), 2921 (s), 2850 (m), 1687 (s), 1449 (m), 
1407 (s), 1387 (s), 1371 (s), 1312 (m), 1142 (s), 1007 (s), 969 (m) cm-1; 1H NMR (400 
MHz, CDCl3): δ 2.88–2.75 (2H, m), 2.74 (1H, d, J = 16.0 Hz), 2.41 (1H, d, J = 15.6 Hz), 
1.72–1.55 (5H, m), 1.38–1.03 (21H, m), 0.99–0.84 (5H, m); 13C NMR (100 MHz, 
CDCl3): δ 199.0, 83.4, 54.3, 46.6, 35.5, 35.3, 34.9, 26.6, 26.6, 26.4, 25.2, 25.0, 23.4, 21.6, 
15.0; HRMS (ESI+) Calcd for C19H36BO3S [M+H]
+: 355.2478, Found: 355.2482. 
Specific rotation: [α]D
20 –19.2 (c 1.50, CHCl3) for a sample with 90.4:9.6 er. 
Enantiomeric purity was determined by GLC analysis in comparison with authentic 
racemic material (90.4:9.6 er shown below; CDB-DM chiral column, 30 m x 0.25 mm, 
116 ºC, 15 psi). 
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 Retention time Area Area % Retention time Area Area % 
846.988 374.75031 51.10433 848.190 53.75016 9.64833 
856.565 358.55414 48.89567 856.193 503.34277 90.35167 
 
(E)-Ethyl 3-cyclohexylbut-2-enethioate (thioester substrate for 2.78). (Prepared based 
on a previously reported procedure.74) IR (neat): 2925 (s), 2853 (m), 1667 (s), 1616 (s), 
1448 (m), 1371 (w), 1264 (w), 1055 (s), 1030 (s), 971 (m), 840 (s), 829 (s) cm-1; 1H 
NMR (400 MHz, CDCl3): δ 5.88 (1H, s), 2.82 (2H, qdd, J = 7.4, 1.2, 1.2 Hz), 2.07 (3H, 
s), 1.91–1.86 (1H, m), 1.74–1.62 (5H, m), 1.27–1.04 (8H, m); 13C NMR (100 MHz, 
CDCl3): δ 189.8, 161.7, 121.3, 48.6, 31.3, 26.4, 26.1, 23.2, 18.3, 15.0; HRMS (ESI
+) 
Calcd for C12H21OS [M+H]
+: 213.1313, Found: 213.1315. 
(S)-Ethyl 3-cyclohexyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)butanethioate 
(2.78). IR (neat): 2975 (m), 2926 (s), 2852 (m), 1687 (s), 1494 (m), 1387 (m), 1371 (s), 
1357 (s), 1304 (s), 1143 (s), 1111 (m), 998 (s) cm-1; 1H NMR (400 MHz, CDCl3): δ 2.88–
2.74 (3H, m), 2.47 (1H, d, J = 16.0 Hz), 1.73–1.58 (5H, m), 1.25 (6H, s), 1.22 (6H, s), 
1.21–0.94 (9H, m), 0.90 (3H, s); 13C NMR (100 MHz, CDCl3): δ 199.6, 83.3, 52.2, 45.2, 
29.7, 27.9, 27.2, 27.1, 26.9, 25.2, 25.1, 23.4, 17.8, 15.0; HRMS (ESI+) Calcd for 
C18H34BO3S [M+H]
+: 341.2322, Found: 341.2333. Specific rotation: [α]D
20 –20.0 (c 1.64, 
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CHCl3) for a sample with 97.3:2.7 er. Enantiomeric purity was determined by GLC 
analysis of the corresponding tertiary alcohol after oxidation75 in comparison with 
authentic racemic material (97.3:2.7 er shown below; CDB-DM chiral column, 30 m x 
0.25 mm, 100 ºC, 15 psi). 
 
Retention time Area Area % Retention time Area Area % 
340.850 222.66025 50.09671 338.739 8.26433 2.67545 
349.676 221.80058 49.90329 348.817 300.63055 97.32455 
 
(E)-Ethyl 3-methyl-5-phenylpent-2-enethioate (thioester substrate for 2.79). 
(Prepared based on a previously reported procedure.74) IR (neat): 3026 (w), 2969 (w), 
2928 (w), 2861 (w), 1667 (s), 1621 (s), 1495 (w), 1453 (m), 1375 (w), 1265 (w), 1084 
(s), 1065 (s), 1000 (s), 971 (s), 824 (s) cm-1; 1H NMR (400 MHz, CDCl3): δ 7.31–7.23 
(4H, m), 7.21–7.17 (1H, m), 6.00 (1H, s), 2.95– 2.87 (4H, m), 2.80 2.76 (2H, m), 1.84 
(3H, d, J = 1.2 Hz), 1.29 (3H, t, J = 7.2 Hz); 13C NMR (100 MHz, CDCl3): δ 188.8, 
156.5, 141.6, 128.5, 128.4, 126.0, 123.8, 36.5, 34.6, 25.4, 23.2, 15.0; HRMS (ESI+) Calcd 
for C14H19OS [M+H]
+: 235.1157, Found: 235.1158. 
                                                            
(75) For the procedure of the oxidation of pinacolatoboronate, see: Lee, Y.; Hoveyda, A. H. J. Am. Chem. 
Soc. 2009, 131, 3160–3161. 
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(R)-Ethyl 3-methyl-5-phenyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)pentanethioate (2.79). IR (neat): 3026 (w), 2975 (m), 2929 (m), 2870 (w), 1685 (s), 
1455 (m), 1407 (s), 1386 (s), 1370 (s), 1314 (s), 1217 (m), 1143 (s), 1009 (s), 853 (s) cm-
1; 1H NMR (400 MHz, CDCl3): δ 7.28–7.23 (2H, m), 7.17–7.13 (3H, m), 2.92–2.79 (3H, 
m), 2.65–2.52 (3H, m), 1.75–1.66 (1H, m), 1.58–1.50 (1H, m), 1.29 (6H, s), 1.27 (6H, s), 
1.23 (3H, t, J = 7.4 Hz), 1.06 (3H, s); 13C NMR (100 MHz, CDCl3): δ 199.0, 143.2, 
128.5, 128.4, 125.8, 83.5, 53.5, 41.2, 32.0, 25.0, 25.0, 23.4, 21.2, 15.0; HRMS (ESI+) 
Calcd for C20H32BO3S [M+H]
+: 363.2165, Found: 363.2170. Specific rotation: [α]D
20 –
0.532 (c 1.88, CHCl3) for a sample with 98:2 er. Enantiomeric purity was determined by 
HPLC analysis in comparison with authentic racemic material (98.1:1.9 er shown below; 
chiralcel OD–H column (25 cm x 0.46 cm), 99.7/0.3 hexanes/i-PrOH, 0.3 mL/min, 220 
nm). 
 
Retention time Area Area % Retention time Area Area % 
16.60 4437272 49.989 16.79 181472 1.868 
19.28 4439306 50.011 19.45 9535492 98.132 
 
(S)-1,3-Diphenyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)butan-1-one (2.80). 
IR (neat): 2976 (m), 2927 (m), 1684 (s), 1658 (m), 1599 (m), 1579 (w), 1448 (m), 1348 
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(s), 1310 (s), 1212 (s), 1144 (s) cm-1; 1H NMR (400 MHz, CDCl3): δ 8.00–7.98 (2H, m), 
7.55 (1H, ddt, J = 6.0, 6.0, 1.2 Hz), 7.48–7.44 (4H, m), 7.33–7.30 (2H, m), 7.17 (1H, ddt, 
J = 6.0, 6.0, 1.2 Hz), 3.67 (1H, d, J = 14.8 Hz), 3.36 (1H, d, J = 14.4 Hz), 1.43 (3H, s), 
1.24 (6H, s), 1.20 (6H, s); 13C NMR (100 MHz, CDCl3): δ 199.4, 146.8, 137.3, 133.1, 
128.6, 128.4, 128.2, 126.8, 125.5, 83.5, 49.8, 29.9, 24.8, 24.8, 23.2; HRMS (ESI+) Calcd 
for C22H28BO3 [M+H]
+: 351.2131, Found: 351.2119. Specific rotation: [α]D
20 –49.3 (c 
0.77, CHCl3) for a sample with 98.9:1.1 er. Enantiomeric purity was determined by 
HPLC analysis in comparison with authentic racemic material (98.9:1.1 er shown below; 
chiracel OD–H column (25 cm x 0.46 cm), 99.9/0.1 hexanes/i-PrOH, 0.6 mL/min, 220 
nm). 
 
Retention time Area Area % Retention time Area Area % 
17.20 131875 51.754 17.81 23093 1.109 
19.11 122934 48.246 19.27 2059647 98.891 
 
X-ray data for (S)-Ethyl 3-(4-bromophenyl)-3-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)butanoate (2.60):  
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 Table 1.  Crystal data and structure refinement for C18H26BBrO4. 
Identification code  C18H26BBrO4 
Empirical formula  C18 H26 B Br O4 
Formula weight  397.11 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P 21 
Unit cell dimensions a = 11.0774(2) Å = 90°. 
 b = 17.1476(3) Å = 102.0810(10)°. 
 c = 20.9494(4) Å  = 90°. 
Volume 3891.22(12) Å3 
Z 8 
Density (calculated) 1.360 Mg/m3 
Absorption coefficient 2.131 mm-1 
F(000) 1648 
Crystal size 0.40 x 0.18 x 0.10 mm3 
Theta range for data collection 1.55 to 27.11°. 
Index ranges -14<=h<=14, -21<=k<=21, -26<=l<=26 
Reflections collected 94552 
Independent reflections 17164 [R(int) = 0.0414] 
Completeness to theta = 27.11° 100.0 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.8152 and 0.4828 
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Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 17164 / 16 / 910 
Goodness-of-fit on F2 1.043 
Final R indices [I>2sigma(I)] R1 = 0.0292, wR2 = 0.0695 
R indices (all data) R1 = 0.0327, wR2 = 0.0709 
Absolute structure parameter -0.019(3) 
Extinction coefficient na 
Largest diff. peak and hole 0.708 and -0.212 e.Å-3 
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Table 2.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters 
(Å2x 103) for C18H26BBrO4.  U(eq) is defined as one third of  the trace of the 
orthogonalized Uij tensor. 
________________________________________________________________________  
 x y z U(eq) 
________________________________________________________________________  
Br(1) 8164(1) 6176(1) 6155(1) 31(1) 
O(1) 7816(2) 2206(1) 4997(1) 20(1) 
O(2) 6550(2) 1944(1) 5707(1) 23(1) 
O(3) 5441(2) 1748(1) 4026(1) 23(1) 
O(4) 4776(2) 2534(1) 3168(1) 24(1) 
B(1) 6736(3) 2382(1) 5191(1) 18(1) 
C(1) 7449(2) 5241(1) 5752(1) 22(1) 
C(2) 8181(2) 4710(2) 5516(1) 25(1) 
C(3) 7653(2) 4018(2) 5236(1) 23(1) 
C(4) 6400(2) 3847(1) 5198(1) 19(1) 
C(5) 5697(2) 4406(1) 5440(1) 21(1) 
C(6) 6207(2) 5101(1) 5712(1) 23(1) 
C(7) 5845(2) 3076(1) 4888(1) 19(1) 
C(8) 8530(2) 1697(1) 5502(1) 22(1) 
C(9) 7497(2) 1328(1) 5809(1) 25(1) 
C(10) 9410(2) 2225(2) 5966(1) 30(1) 
C(11) 9264(2) 1123(2) 5182(1) 30(1) 
C(12) 7864(3) 1158(2) 6535(1) 34(1) 
C(13) 6897(3) 614(2) 5438(1) 32(1) 
C(14) 4550(2) 2930(1) 5017(1) 25(1) 
C(15) 5771(2) 3137(1) 4147(1) 22(1) 
C(16) 5321(2) 2391(1) 3789(1) 20(1) 
C(17) 4302(2) 1858(1) 2773(1) 25(1) 
C(18) 3585(3) 2166(2) 2131(1) 43(1) 
Br(2) 2092(1) 4031(1) 5898(1) 34(1) 
O(5) 1370(2) 7900(1) 7021(1) 25(1) 
O(6) -546(2) 7625(1) 7211(1) 23(1) 
O(7) 1696(2) 8135(1) 8500(1) 35(1) 
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O(8) 3744(2) 7950(1) 8715(1) 26(1) 
B(2) 678(3) 7431(2) 7337(1) 22(1) 
C(19) 1832(2) 4843(1) 6474(1) 23(1) 
C(20) 2386(2) 5564(1) 6441(1) 22(1) 
C(21) 2166(2) 6150(1) 6858(1) 21(1) 
C(22) 1431(2) 6036(1) 7315(1) 21(1) 
C(23) 909(2) 5299(1) 7339(1) 27(1) 
C(24) 1095(2) 4706(1) 6918(1) 29(1) 
C(25) 1237(2) 6709(1) 7772(1) 23(1) 
C(26) 507(2) 8397(1) 6573(1) 25(1) 
C(27) -661(2) 8387(1) 6883(1) 23(1) 
C(28) 287(3) 8004(2) 5908(1) 32(1) 
C(29) 1096(3) 9192(1) 6547(2) 35(1) 
C(30) -1883(2) 8424(2) 6402(1) 30(1) 
C(31) -606(3) 9001(2) 7417(1) 30(1) 
C(32) 367(3) 6485(2) 8228(1) 30(1) 
C(33) 2526(2) 6925(2) 8184(1) 26(1) 
C(34) 2575(2) 7730(2) 8483(1) 26(1) 
C(35) 3906(2) 8750(1) 8943(1) 26(1) 
C(36) 5262(2) 8861(2) 9198(1) 31(1) 
Br(3) 4321(1) 4415(1) 2574(1) 30(1) 
O(9) 2344(2) 8363(1) 1815(1) 21(1) 
O(10) 4301(2) 8520(1) 1657(1) 35(1) 
O(11) 1732(2) 8825(1) 295(1) 27(1) 
O(12) 142(2) 8080(1) -216(1) 23(1) 
B(3) 3199(2) 8142(1) 1469(1) 18(1) 
C(37) 3895(2) 5342(1) 2078(1) 21(1) 
C(38) 4808(2) 5763(1) 1874(1) 23(1) 
C(39) 4500(2) 6439(1) 1511(1) 21(1) 
C(40) 3278(2) 6705(1) 1339(1) 16(1) 
C(41) 2381(2) 6268(1) 1562(1) 19(1) 
C(42) 2678(2) 5591(1) 1927(1) 20(1) 
C(43) 2975(2) 7462(1) 944(1) 16(1) 
C(44) 3013(4) 8835(2) 2356(2) 24(1) 
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C(45) 4083(3) 9186(2) 2066(2) 25(1) 
C(46) 3457(5) 8294(2) 2930(2) 42(1) 
C(47) 2141(4) 9451(3) 2519(2) 36(1) 
C(48) 5255(5) 9325(4) 2569(3) 42(2) 
C(49) 3721(4) 9891(2) 1637(2) 41(1) 
C(44X) 2825(13) 9023(7) 2250(6) 24(1) 
C(45X) 4227(9) 8818(6) 2322(3) 30(3) 
C(46X) 2216(10) 9029(8) 2827(6) 35(3) 
C(47X) 2538(12) 9770(6) 1851(6) 42(3) 
C(48X) 4548(10) 8238(7) 2926(5) 42(2) 
C(49X) 5170(20) 9499(10) 2451(12) 41(1) 
C(50) 3822(2) 7560(1) 451(1) 21(1) 
C(51) 1620(2) 7459(1) 575(1) 18(1) 
C(52) 1207(2) 8202(1) 213(1) 20(1) 
C(53) -356(2) 8740(1) -625(1) 26(1) 
C(54) -1689(4) 8616(3) -863(3) 29(1) 
C(54X) -1501(12) 8416(8) -1096(7) 29(1) 
Br(4) 2556(1) 5552(1) 9892(1) 29(1) 
O(13) 2943(1) 1762(1) 8970(1) 19(1) 
O(14) 855(1) 1625(1) 8882(1) 20(1) 
O(15) 1967(2) 1169(1) 7522(1) 28(1) 
O(16) 2869(2) 1761(1) 6789(1) 27(1) 
B(4) 1783(2) 1975(1) 8645(1) 17(1) 
C(55) 2224(2) 4702(1) 9306(1) 19(1) 
C(56) 1022(2) 4438(1) 9092(1) 20(1) 
C(57) 804(2) 3790(1) 8688(1) 19(1) 
C(58) 1767(2) 3394(1) 8493(1) 16(1) 
C(59) 2958(2) 3676(1) 8708(1) 22(1) 
C(60) 3192(2) 4329(2) 9110(1) 23(1) 
C(61) 1533(2) 2630(1) 8101(1) 16(1) 
C(62) 2784(2) 1311(1) 9539(1) 19(1) 
C(63) 1445(2) 998(1) 9320(1) 20(1) 
C(64) 2943(3) 1879(2) 10108(1) 30(1) 
C(65) 3762(2) 675(1) 9675(1) 27(1) 
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C(66) 751(2) 892(2) 9865(1) 29(1) 
C(67) 1357(2) 270(1) 8901(1) 27(1) 
C(68) 202(2) 2571(1) 7704(1) 19(1) 
C(69) 2432(2) 2552(1) 7634(1) 20(1) 
C(70) 2377(2) 1753(1) 7319(1) 22(1) 
C(71) 2913(3) 1015(2) 6464(1) 29(1) 
C(72) 3464(10) 1163(4) 5874(5) 42(2) 
C(72X) 3840(40) 1053(19) 6084(19) 42(2) 
________________________________________________________________________
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 Table 3.   Bond lengths [Å] and angles [°] for  C18H26BBrO4. 
_____________________________________________________  
Br(1)-C(1)  1.905(2) 
O(1)-B(1)  1.375(3) 
O(1)-C(8)  1.468(3) 
O(2)-B(1)  1.368(3) 
O(2)-C(9)  1.472(3) 
O(3)-C(16)  1.205(3) 
O(4)-C(16)  1.337(3) 
O(4)-C(17)  1.457(3) 
B(1)-C(7)  1.590(3) 
C(1)-C(2)  1.378(3) 
C(1)-C(6)  1.381(4) 
C(2)-C(3)  1.396(3) 
C(2)-H(2)  0.9500 
C(3)-C(4)  1.404(3) 
C(3)-H(3)  0.9500 
C(4)-C(5)  1.395(3) 
C(4)-C(7)  1.544(3) 
C(5)-C(6)  1.390(3) 
C(5)-H(5)  0.9500 
C(6)-H(6)  0.9500 
C(7)-C(14)  1.534(3) 
C(7)-C(15)  1.542(3) 
C(8)-C(11)  1.518(3) 
C(8)-C(10)  1.522(3) 
C(8)-C(9)  1.560(4) 
C(9)-C(12)  1.518(3) 
C(9)-C(13)  1.526(3) 
C(10)-H(10A)  0.9800 
C(10)-H(10B)  0.9800 
C(10)-H(10C)  0.9800 
C(11)-H(11A)  0.9800 
C(11)-H(11B)  0.9800 
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C(11)-H(11C)  0.9800 
C(12)-H(12A)  0.9800 
C(12)-H(12B)  0.9800 
C(12)-H(12C)  0.9800 
C(13)-H(13A)  0.9800 
C(13)-H(13B)  0.9800 
C(13)-H(13C)  0.9800 
C(14)-H(14A)  0.9800 
C(14)-H(14B)  0.9800 
C(14)-H(14C)  0.9800 
C(15)-C(16)  1.514(3) 
C(15)-H(15A)  0.9900 
C(15)-H(15B)  0.9900 
C(17)-C(18)  1.506(4) 
C(17)-H(17A)  0.9900 
C(17)-H(17B)  0.9900 
C(18)-H(18A)  0.9800 
C(18)-H(18B)  0.9800 
C(18)-H(18C)  0.9800 
Br(2)-C(19)  1.905(2) 
O(5)-B(2)  1.373(3) 
O(5)-C(26)  1.464(3) 
O(6)-B(2)  1.368(3) 
O(6)-C(27)  1.468(3) 
O(7)-C(34)  1.203(3) 
O(8)-C(34)  1.338(3) 
O(8)-C(35)  1.452(3) 
B(2)-C(25)  1.584(4) 
C(19)-C(24)  1.380(4) 
C(19)-C(20)  1.388(3) 
C(20)-C(21)  1.387(3) 
C(20)-H(20)  0.9500 
C(21)-C(22)  1.395(3) 
C(21)-H(21)  0.9500 
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C(22)-C(23)  1.394(3) 
C(22)-C(25)  1.544(3) 
C(23)-C(24)  1.389(4) 
C(23)-H(23)  0.9500 
C(24)-H(24)  0.9500 
C(25)-C(32)  1.541(3) 
C(25)-C(33)  1.550(4) 
C(26)-C(29)  1.517(3) 
C(26)-C(28)  1.520(4) 
C(26)-C(27)  1.564(4) 
C(27)-C(30)  1.511(4) 
C(27)-C(31)  1.528(3) 
C(28)-H(28A)  0.9800 
C(28)-H(28B)  0.9800 
C(28)-H(28C)  0.9800 
C(29)-H(29A)  0.9800 
C(29)-H(29B)  0.9800 
C(29)-H(29C)  0.9800 
C(30)-H(30A)  0.9800 
C(30)-H(30B)  0.9800 
C(30)-H(30C)  0.9800 
C(31)-H(31A)  0.9800 
C(31)-H(31B)  0.9800 
C(31)-H(31C)  0.9800 
C(32)-H(32A)  0.9800 
C(32)-H(32B)  0.9800 
C(32)-H(32C)  0.9800 
C(33)-C(34)  1.512(3) 
C(33)-H(33A)  0.9900 
C(33)-H(33B)  0.9900 
C(35)-C(36)  1.497(4) 
C(35)-H(35A)  0.9900 
C(35)-H(35B)  0.9900 
C(36)-H(36A)  0.9800 
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C(36)-H(36B)  0.9800 
C(36)-H(36C)  0.9800 
Br(3)-C(37)  1.905(2) 
O(9)-B(3)  1.362(3) 
O(9)-C(44)  1.462(5) 
O(10)-B(3)  1.365(3) 
O(10)-C(45)  1.479(3) 
O(11)-C(52)  1.212(3) 
O(12)-C(52)  1.342(3) 
O(12)-C(53)  1.457(3) 
B(3)-C(43)  1.587(3) 
C(37)-C(38)  1.381(3) 
C(37)-C(42)  1.386(3) 
C(38)-C(39)  1.389(3) 
C(38)-H(38)  0.9500 
C(39)-C(40)  1.403(3) 
C(39)-H(39)  0.9500 
C(40)-C(41)  1.401(3) 
C(40)-C(43)  1.538(3) 
C(41)-C(42)  1.391(3) 
C(41)-H(41)  0.9500 
C(42)-H(42)  0.9500 
C(43)-C(51)  1.538(3) 
C(43)-C(50)  1.543(3) 
C(44)-C(46)  1.515(5) 
C(44)-C(47)  1.518(5) 
C(44)-C(45)  1.562(5) 
C(45)-C(48)  1.509(6) 
C(45)-C(49)  1.510(5) 
C(46)-H(46A)  0.9800 
C(46)-H(46B)  0.9800 
C(46)-H(46C)  0.9800 
C(47)-H(47A)  0.9800 
C(47)-H(47B)  0.9800 
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C(47)-H(47C)  0.9800 
C(48)-H(48A)  0.9800 
C(48)-H(48B)  0.9800 
C(48)-H(48C)  0.9800 
C(49)-H(49A)  0.9800 
C(49)-H(49B)  0.9800 
C(49)-H(49C)  0.9800 
C(50)-H(50A)  0.9800 
C(50)-H(50B)  0.9800 
C(50)-H(50C)  0.9800 
C(51)-C(52)  1.503(3) 
C(51)-H(51A)  0.9900 
C(51)-H(51B)  0.9900 
C(53)-C(54)  1.472(5) 
C(53)-H(53A)  0.9900 
C(53)-H(53B)  0.9900 
C(54)-H(54A)  0.9800 
C(54)-H(54B)  0.9800 
C(54)-H(54C)  0.9800 
Br(4)-C(55)  1.892(2) 
O(13)-B(4)  1.372(3) 
O(13)-C(62)  1.461(3) 
O(14)-B(4)  1.370(3) 
O(14)-C(63)  1.473(3) 
O(15)-C(70)  1.212(3) 
O(16)-C(70)  1.336(3) 
O(16)-C(71)  1.456(3) 
B(4)-C(61)  1.584(3) 
C(55)-C(60)  1.383(3) 
C(55)-C(56)  1.389(3) 
C(56)-C(57)  1.387(3) 
C(56)-H(56)  0.9500 
C(57)-C(58)  1.396(3) 
C(57)-H(57)  0.9500 
page 157
C(58)-C(59)  1.389(3) 
C(58)-C(61)  1.538(3) 
C(59)-C(60)  1.392(3) 
C(59)-H(59)  0.9500 
C(60)-H(60)  0.9500 
C(61)-C(68)  1.537(3) 
C(61)-C(69)  1.541(3) 
C(62)-C(64)  1.521(3) 
C(62)-C(65)  1.522(3) 
C(62)-C(63)  1.554(3) 
C(63)-C(66)  1.516(3) 
C(63)-C(67)  1.518(3) 
C(64)-H(64A)  0.9800 
C(64)-H(64B)  0.9800 
C(64)-H(64C)  0.9800 
C(65)-H(65A)  0.9800 
C(65)-H(65B)  0.9800 
C(65)-H(65C)  0.9800 
C(66)-H(66A)  0.9800 
C(66)-H(66B)  0.9800 
C(66)-H(66C)  0.9800 
C(67)-H(67A)  0.9800 
C(67)-H(67B)  0.9800 
C(67)-H(67C)  0.9800 
C(68)-H(68A)  0.9800 
C(68)-H(68B)  0.9800 
C(68)-H(68C)  0.9800 
C(69)-C(70)  1.516(3) 
C(69)-H(69A)  0.9900 
C(69)-H(69B)  0.9900 
C(71)-C(72)  1.509(7) 
C(71)-H(71A)  0.9900 
C(71)-H(71B)  0.9900 
C(72)-H(72A)  0.9800 
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C(72)-H(72B)  0.9800 
C(72)-H(72C)  0.9800 
 
B(1)-O(1)-C(8) 106.81(18) 
B(1)-O(2)-C(9) 106.77(18) 
C(16)-O(4)-C(17) 116.27(18) 
O(2)-B(1)-O(1) 113.4(2) 
O(2)-B(1)-C(7) 122.8(2) 
O(1)-B(1)-C(7) 123.6(2) 
C(2)-C(1)-C(6) 121.1(2) 
C(2)-C(1)-Br(1) 119.61(19) 
C(6)-C(1)-Br(1) 119.25(18) 
C(1)-C(2)-C(3) 119.0(2) 
C(1)-C(2)-H(2) 120.5 
C(3)-C(2)-H(2) 120.5 
C(2)-C(3)-C(4) 121.6(2) 
C(2)-C(3)-H(3) 119.2 
C(4)-C(3)-H(3) 119.2 
C(5)-C(4)-C(3) 117.1(2) 
C(5)-C(4)-C(7) 122.5(2) 
C(3)-C(4)-C(7) 120.4(2) 
C(6)-C(5)-C(4) 121.9(2) 
C(6)-C(5)-H(5) 119.1 
C(4)-C(5)-H(5) 119.1 
C(1)-C(6)-C(5) 119.2(2) 
C(1)-C(6)-H(6) 120.4 
C(5)-C(6)-H(6) 120.4 
C(14)-C(7)-C(15) 109.48(19) 
C(14)-C(7)-C(4) 111.77(19) 
C(15)-C(7)-C(4) 107.26(18) 
C(14)-C(7)-B(1) 109.54(19) 
C(15)-C(7)-B(1) 110.47(19) 
C(4)-C(7)-B(1) 108.30(18) 
O(1)-C(8)-C(11) 109.03(19) 
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O(1)-C(8)-C(10) 106.42(19) 
C(11)-C(8)-C(10) 109.7(2) 
O(1)-C(8)-C(9) 101.94(18) 
C(11)-C(8)-C(9) 115.2(2) 
C(10)-C(8)-C(9) 113.8(2) 
O(2)-C(9)-C(12) 108.5(2) 
O(2)-C(9)-C(13) 106.27(19) 
C(12)-C(9)-C(13) 110.6(2) 
O(2)-C(9)-C(8) 102.20(18) 
C(12)-C(9)-C(8) 115.2(2) 
C(13)-C(9)-C(8) 113.2(2) 
C(8)-C(10)-H(10A) 109.5 
C(8)-C(10)-H(10B) 109.5 
H(10A)-C(10)-H(10B) 109.5 
C(8)-C(10)-H(10C) 109.5 
H(10A)-C(10)-H(10C) 109.5 
H(10B)-C(10)-H(10C) 109.5 
C(8)-C(11)-H(11A) 109.5 
C(8)-C(11)-H(11B) 109.5 
H(11A)-C(11)-H(11B) 109.5 
C(8)-C(11)-H(11C) 109.5 
H(11A)-C(11)-H(11C) 109.5 
H(11B)-C(11)-H(11C) 109.5 
C(9)-C(12)-H(12A) 109.5 
C(9)-C(12)-H(12B) 109.5 
H(12A)-C(12)-H(12B) 109.5 
C(9)-C(12)-H(12C) 109.5 
H(12A)-C(12)-H(12C) 109.5 
H(12B)-C(12)-H(12C) 109.5 
C(9)-C(13)-H(13A) 109.5 
C(9)-C(13)-H(13B) 109.5 
H(13A)-C(13)-H(13B) 109.5 
C(9)-C(13)-H(13C) 109.5 
H(13A)-C(13)-H(13C) 109.5 
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H(13B)-C(13)-H(13C) 109.5 
C(7)-C(14)-H(14A) 109.5 
C(7)-C(14)-H(14B) 109.5 
H(14A)-C(14)-H(14B) 109.5 
C(7)-C(14)-H(14C) 109.5 
H(14A)-C(14)-H(14C) 109.5 
H(14B)-C(14)-H(14C) 109.5 
C(16)-C(15)-C(7) 112.64(19) 
C(16)-C(15)-H(15A) 109.1 
C(7)-C(15)-H(15A) 109.1 
C(16)-C(15)-H(15B) 109.1 
C(7)-C(15)-H(15B) 109.1 
H(15A)-C(15)-H(15B) 107.8 
O(3)-C(16)-O(4) 123.9(2) 
O(3)-C(16)-C(15) 124.9(2) 
O(4)-C(16)-C(15) 111.25(19) 
O(4)-C(17)-C(18) 106.7(2) 
O(4)-C(17)-H(17A) 110.4 
C(18)-C(17)-H(17A) 110.4 
O(4)-C(17)-H(17B) 110.4 
C(18)-C(17)-H(17B) 110.4 
H(17A)-C(17)-H(17B) 108.6 
C(17)-C(18)-H(18A) 109.5 
C(17)-C(18)-H(18B) 109.5 
H(18A)-C(18)-H(18B) 109.5 
C(17)-C(18)-H(18C) 109.5 
H(18A)-C(18)-H(18C) 109.5 
H(18B)-C(18)-H(18C) 109.5 
B(2)-O(5)-C(26) 107.14(19) 
B(2)-O(6)-C(27) 106.95(19) 
C(34)-O(8)-C(35) 115.46(19) 
O(6)-B(2)-O(5) 113.3(2) 
O(6)-B(2)-C(25) 123.6(2) 
O(5)-B(2)-C(25) 123.0(2) 
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C(24)-C(19)-C(20) 121.1(2) 
C(24)-C(19)-Br(2) 119.50(18) 
C(20)-C(19)-Br(2) 119.45(18) 
C(21)-C(20)-C(19) 118.4(2) 
C(21)-C(20)-H(20) 120.8 
C(19)-C(20)-H(20) 120.8 
C(20)-C(21)-C(22) 122.3(2) 
C(20)-C(21)-H(21) 118.8 
C(22)-C(21)-H(21) 118.8 
C(23)-C(22)-C(21) 117.3(2) 
C(23)-C(22)-C(25) 122.9(2) 
C(21)-C(22)-C(25) 119.8(2) 
C(24)-C(23)-C(22) 121.5(2) 
C(24)-C(23)-H(23) 119.3 
C(22)-C(23)-H(23) 119.3 
C(19)-C(24)-C(23) 119.4(2) 
C(19)-C(24)-H(24) 120.3 
C(23)-C(24)-H(24) 120.3 
C(32)-C(25)-C(22) 112.6(2) 
C(32)-C(25)-C(33) 109.7(2) 
C(22)-C(25)-C(33) 107.00(19) 
C(32)-C(25)-B(2) 109.4(2) 
C(22)-C(25)-B(2) 108.49(19) 
C(33)-C(25)-B(2) 109.7(2) 
O(5)-C(26)-C(29) 108.5(2) 
O(5)-C(26)-C(28) 106.8(2) 
C(29)-C(26)-C(28) 110.6(2) 
O(5)-C(26)-C(27) 102.28(18) 
C(29)-C(26)-C(27) 115.1(2) 
C(28)-C(26)-C(27) 112.8(2) 
O(6)-C(27)-C(30) 109.11(19) 
O(6)-C(27)-C(31) 106.5(2) 
C(30)-C(27)-C(31) 110.6(2) 
O(6)-C(27)-C(26) 101.89(18) 
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C(30)-C(27)-C(26) 115.2(2) 
C(31)-C(27)-C(26) 112.7(2) 
C(26)-C(28)-H(28A) 109.5 
C(26)-C(28)-H(28B) 109.5 
H(28A)-C(28)-H(28B) 109.5 
C(26)-C(28)-H(28C) 109.5 
H(28A)-C(28)-H(28C) 109.5 
H(28B)-C(28)-H(28C) 109.5 
C(26)-C(29)-H(29A) 109.5 
C(26)-C(29)-H(29B) 109.5 
H(29A)-C(29)-H(29B) 109.5 
C(26)-C(29)-H(29C) 109.5 
H(29A)-C(29)-H(29C) 109.5 
H(29B)-C(29)-H(29C) 109.5 
C(27)-C(30)-H(30A) 109.5 
C(27)-C(30)-H(30B) 109.5 
H(30A)-C(30)-H(30B) 109.5 
C(27)-C(30)-H(30C) 109.5 
H(30A)-C(30)-H(30C) 109.5 
H(30B)-C(30)-H(30C) 109.5 
C(27)-C(31)-H(31A) 109.5 
C(27)-C(31)-H(31B) 109.5 
H(31A)-C(31)-H(31B) 109.5 
C(27)-C(31)-H(31C) 109.5 
H(31A)-C(31)-H(31C) 109.5 
H(31B)-C(31)-H(31C) 109.5 
C(25)-C(32)-H(32A) 109.5 
C(25)-C(32)-H(32B) 109.5 
H(32A)-C(32)-H(32B) 109.5 
C(25)-C(32)-H(32C) 109.5 
H(32A)-C(32)-H(32C) 109.5 
H(32B)-C(32)-H(32C) 109.5 
C(34)-C(33)-C(25) 113.4(2) 
C(34)-C(33)-H(33A) 108.9 
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C(25)-C(33)-H(33A) 108.9 
C(34)-C(33)-H(33B) 108.9 
C(25)-C(33)-H(33B) 108.9 
H(33A)-C(33)-H(33B) 107.7 
O(7)-C(34)-O(8) 123.7(2) 
O(7)-C(34)-C(33) 125.5(2) 
O(8)-C(34)-C(33) 110.9(2) 
O(8)-C(35)-C(36) 106.5(2) 
O(8)-C(35)-H(35A) 110.4 
C(36)-C(35)-H(35A) 110.4 
O(8)-C(35)-H(35B) 110.4 
C(36)-C(35)-H(35B) 110.4 
H(35A)-C(35)-H(35B) 108.6 
C(35)-C(36)-H(36A) 109.5 
C(35)-C(36)-H(36B) 109.5 
H(36A)-C(36)-H(36B) 109.5 
C(35)-C(36)-H(36C) 109.5 
H(36A)-C(36)-H(36C) 109.5 
H(36B)-C(36)-H(36C) 109.5 
B(3)-O(9)-C(44) 105.7(2) 
B(3)-O(10)-C(45) 106.8(2) 
C(52)-O(12)-C(53) 116.36(18) 
O(9)-B(3)-O(10) 113.2(2) 
O(9)-B(3)-C(43) 123.3(2) 
O(10)-B(3)-C(43) 123.3(2) 
C(38)-C(37)-C(42) 120.6(2) 
C(38)-C(37)-Br(3) 119.42(18) 
C(42)-C(37)-Br(3) 119.96(18) 
C(37)-C(38)-C(39) 119.6(2) 
C(37)-C(38)-H(38) 120.2 
C(39)-C(38)-H(38) 120.2 
C(38)-C(39)-C(40) 121.7(2) 
C(38)-C(39)-H(39) 119.2 
C(40)-C(39)-H(39) 119.2 
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C(41)-C(40)-C(39) 117.0(2) 
C(41)-C(40)-C(43) 122.8(2) 
C(39)-C(40)-C(43) 120.20(19) 
C(42)-C(41)-C(40) 121.8(2) 
C(42)-C(41)-H(41) 119.1 
C(40)-C(41)-H(41) 119.1 
C(37)-C(42)-C(41) 119.3(2) 
C(37)-C(42)-H(42) 120.4 
C(41)-C(42)-H(42) 120.4 
C(40)-C(43)-C(51) 110.37(17) 
C(40)-C(43)-C(50) 110.96(18) 
C(51)-C(43)-C(50) 109.28(19) 
C(40)-C(43)-B(3) 105.25(18) 
C(51)-C(43)-B(3) 110.14(18) 
C(50)-C(43)-B(3) 110.79(18) 
O(9)-C(44)-C(46) 107.7(3) 
O(9)-C(44)-C(47) 108.5(3) 
C(46)-C(44)-C(47) 111.4(4) 
O(9)-C(44)-C(45) 102.4(3) 
C(46)-C(44)-C(45) 113.4(4) 
C(47)-C(44)-C(45) 112.9(3) 
O(10)-C(45)-C(48) 107.8(4) 
O(10)-C(45)-C(49) 109.2(3) 
C(48)-C(45)-C(49) 111.9(4) 
O(10)-C(45)-C(44) 99.0(3) 
C(48)-C(45)-C(44) 113.6(4) 
C(49)-C(45)-C(44) 114.3(3) 
C(44)-C(46)-H(46A) 109.5 
C(44)-C(46)-H(46B) 109.5 
H(46A)-C(46)-H(46B) 109.5 
C(44)-C(46)-H(46C) 109.5 
H(46A)-C(46)-H(46C) 109.5 
H(46B)-C(46)-H(46C) 109.5 
C(44)-C(47)-H(47A) 109.5 
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C(44)-C(47)-H(47B) 109.5 
H(47A)-C(47)-H(47B) 109.5 
C(44)-C(47)-H(47C) 109.5 
H(47A)-C(47)-H(47C) 109.5 
H(47B)-C(47)-H(47C) 109.5 
C(45)-C(48)-H(48A) 109.5 
C(45)-C(48)-H(48B) 109.5 
H(48A)-C(48)-H(48B) 109.5 
C(45)-C(48)-H(48C) 109.5 
H(48A)-C(48)-H(48C) 109.5 
H(48B)-C(48)-H(48C) 109.5 
C(45)-C(49)-H(49A) 109.5 
C(45)-C(49)-H(49B) 109.5 
H(49A)-C(49)-H(49B) 109.5 
C(45)-C(49)-H(49C) 109.5 
H(49A)-C(49)-H(49C) 109.5 
H(49B)-C(49)-H(49C) 109.5 
C(43)-C(50)-H(50A) 109.5 
C(43)-C(50)-H(50B) 109.5 
H(50A)-C(50)-H(50B) 109.5 
C(43)-C(50)-H(50C) 109.5 
H(50A)-C(50)-H(50C) 109.5 
H(50B)-C(50)-H(50C) 109.5 
C(52)-C(51)-C(43) 114.39(18) 
C(52)-C(51)-H(51A) 108.7 
C(43)-C(51)-H(51A) 108.7 
C(52)-C(51)-H(51B) 108.7 
C(43)-C(51)-H(51B) 108.7 
H(51A)-C(51)-H(51B) 107.6 
O(11)-C(52)-O(12) 124.2(2) 
O(11)-C(52)-C(51) 126.1(2) 
O(12)-C(52)-C(51) 109.76(19) 
O(12)-C(53)-C(54) 108.4(2) 
O(12)-C(53)-H(53A) 110.0 
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C(54)-C(53)-H(53A) 110.0 
O(12)-C(53)-H(53B) 110.0 
C(54)-C(53)-H(53B) 110.0 
H(53A)-C(53)-H(53B) 108.4 
C(53)-C(54)-H(54A) 109.5 
C(53)-C(54)-H(54B) 109.5 
H(54A)-C(54)-H(54B) 109.5 
C(53)-C(54)-H(54C) 109.5 
H(54A)-C(54)-H(54C) 109.5 
H(54B)-C(54)-H(54C) 109.5 
B(4)-O(13)-C(62) 106.57(17) 
B(4)-O(14)-C(63) 105.98(17) 
C(70)-O(16)-C(71) 116.05(19) 
O(14)-B(4)-O(13) 113.5(2) 
O(14)-B(4)-C(61) 122.7(2) 
O(13)-B(4)-C(61) 123.4(2) 
C(60)-C(55)-C(56) 120.3(2) 
C(60)-C(55)-Br(4) 119.43(17) 
C(56)-C(55)-Br(4) 120.19(17) 
C(57)-C(56)-C(55) 119.3(2) 
C(57)-C(56)-H(56) 120.3 
C(55)-C(56)-H(56) 120.3 
C(56)-C(57)-C(58) 121.5(2) 
C(56)-C(57)-H(57) 119.2 
C(58)-C(57)-H(57) 119.2 
C(59)-C(58)-C(57) 117.8(2) 
C(59)-C(58)-C(61) 120.8(2) 
C(57)-C(58)-C(61) 121.1(2) 
C(58)-C(59)-C(60) 121.4(2) 
C(58)-C(59)-H(59) 119.3 
C(60)-C(59)-H(59) 119.3 
C(55)-C(60)-C(59) 119.5(2) 
C(55)-C(60)-H(60) 120.2 
C(59)-C(60)-H(60) 120.2 
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C(68)-C(61)-C(58) 112.34(18) 
C(68)-C(61)-C(69) 108.99(19) 
C(58)-C(61)-C(69) 110.73(18) 
C(68)-C(61)-B(4) 110.26(18) 
C(58)-C(61)-B(4) 103.59(17) 
C(69)-C(61)-B(4) 110.87(18) 
O(13)-C(62)-C(64) 106.76(18) 
O(13)-C(62)-C(65) 109.23(18) 
C(64)-C(62)-C(65) 110.6(2) 
O(13)-C(62)-C(63) 102.22(17) 
C(64)-C(62)-C(63) 113.5(2) 
C(65)-C(62)-C(63) 113.90(19) 
O(14)-C(63)-C(66) 109.05(18) 
O(14)-C(63)-C(67) 105.92(19) 
C(66)-C(63)-C(67) 110.8(2) 
O(14)-C(63)-C(62) 101.79(16) 
C(66)-C(63)-C(62) 115.0(2) 
C(67)-C(63)-C(62) 113.42(19) 
C(62)-C(64)-H(64A) 109.5 
C(62)-C(64)-H(64B) 109.5 
H(64A)-C(64)-H(64B) 109.5 
C(62)-C(64)-H(64C) 109.5 
H(64A)-C(64)-H(64C) 109.5 
H(64B)-C(64)-H(64C) 109.5 
C(62)-C(65)-H(65A) 109.5 
C(62)-C(65)-H(65B) 109.5 
H(65A)-C(65)-H(65B) 109.5 
C(62)-C(65)-H(65C) 109.5 
H(65A)-C(65)-H(65C) 109.5 
H(65B)-C(65)-H(65C) 109.5 
C(63)-C(66)-H(66A) 109.5 
C(63)-C(66)-H(66B) 109.5 
H(66A)-C(66)-H(66B) 109.5 
C(63)-C(66)-H(66C) 109.5 
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H(66A)-C(66)-H(66C) 109.5 
H(66B)-C(66)-H(66C) 109.5 
C(63)-C(67)-H(67A) 109.5 
C(63)-C(67)-H(67B) 109.5 
H(67A)-C(67)-H(67B) 109.5 
C(63)-C(67)-H(67C) 109.5 
H(67A)-C(67)-H(67C) 109.5 
H(67B)-C(67)-H(67C) 109.5 
C(61)-C(68)-H(68A) 109.5 
C(61)-C(68)-H(68B) 109.5 
H(68A)-C(68)-H(68B) 109.5 
C(61)-C(68)-H(68C) 109.5 
H(68A)-C(68)-H(68C) 109.5 
H(68B)-C(68)-H(68C) 109.5 
C(70)-C(69)-C(61) 112.47(19) 
C(70)-C(69)-H(69A) 109.1 
C(61)-C(69)-H(69A) 109.1 
C(70)-C(69)-H(69B) 109.1 
C(61)-C(69)-H(69B) 109.1 
H(69A)-C(69)-H(69B) 107.8 
O(15)-C(70)-O(16) 123.2(2) 
O(15)-C(70)-C(69) 125.3(2) 
O(16)-C(70)-C(69) 111.5(2) 
O(16)-C(71)-C(72) 107.0(3) 
O(16)-C(71)-H(71A) 110.3 
C(72)-C(71)-H(71A) 110.3 
O(16)-C(71)-H(71B) 110.3 
C(72)-C(71)-H(71B) 110.3 
H(71A)-C(71)-H(71B) 108.6 
C(71)-C(72)-H(72A) 109.5 
C(71)-C(72)-H(72B) 109.5 
H(72A)-C(72)-H(72B) 109.5 
C(71)-C(72)-H(72C) 109.5 
H(72A)-C(72)-H(72C) 109.5 
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H(72B)-C(72)-H(72C) 109.5 
_____________________________________________________________  
Symmetry transformations used to generate equivalent atoms:  
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Table 4.   Anisotropic displacement parameters  (Å2x 103) for C18H26BBrO4.  The 
anisotropic displacement factor exponent takes the form:  -22[ h2 a*2U11 + ...  + 2 h k 
a* b* U12 ] 
________________________________________________________________________  
 U11 U22  U33 U23 U13 U12 
________________________________________________________________________  
Br(1) 32(1)  20(1) 39(1)  -7(1) 6(1)  -7(1) 
O(1) 21(1)  21(1) 17(1)  3(1) 2(1)  3(1) 
O(2) 27(1)  22(1) 20(1)  4(1) 6(1)  0(1) 
O(3) 28(1)  16(1) 23(1)  0(1) 1(1)  0(1) 
O(4) 32(1)  20(1) 18(1)  1(1) -1(1)  0(1) 
B(1) 24(1)  14(1) 15(1)  -2(1) 1(1)  -4(1) 
C(1) 30(1)  14(1) 22(1)  0(1) 1(1)  -4(1) 
C(2) 21(1)  26(1) 30(1)  -1(1) 7(1)  -2(1) 
C(3) 23(1)  21(1) 26(1)  -2(1) 8(1)  1(1) 
C(4) 24(1)  18(1) 16(1)  1(1) 2(1)  0(1) 
C(5) 18(1)  22(1) 23(1)  2(1) 3(1)  3(1) 
C(6) 26(1)  19(1) 25(1)  0(1) 5(1)  4(1) 
C(7) 19(1)  17(1) 21(1)  0(1) 2(1)  -1(1) 
C(8) 24(1)  22(1) 17(1)  2(1) -2(1)  4(1) 
C(9) 26(1)  24(1) 23(1)  4(1) -1(1)  3(1) 
C(10) 27(1)  38(1) 23(1)  -3(1) 1(1)  -2(1) 
C(11) 29(1)  30(1) 28(1)  0(1) 1(1)  9(1) 
C(12) 39(2)  40(2) 23(1)  8(1) 2(1)  1(1) 
C(13) 38(2)  18(1) 35(1)  3(1) 1(1)  -1(1) 
C(14) 22(1)  23(1) 29(1)  -3(1) 4(1)  -3(1) 
C(15) 24(1)  18(1) 22(1)  3(1) 1(1)  -1(1) 
C(16) 18(1)  21(1) 20(1)  0(1) 5(1)  1(1) 
C(17) 32(1)  22(1) 20(1)  -2(1) 1(1)  -4(1) 
C(18) 66(2)  30(2) 24(1)  -2(1) -11(1)  -3(1) 
Br(2) 41(1)  23(1) 37(1)  -8(1) 8(1)  -2(1) 
O(5) 21(1)  18(1) 36(1)  4(1) 9(1)  2(1) 
O(6) 18(1)  21(1) 30(1)  6(1) 7(1)  3(1) 
O(7) 27(1)  32(1) 43(1)  -8(1) 2(1)  10(1) 
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O(8) 26(1)  23(1) 30(1)  -2(1) 6(1)  4(1) 
B(2) 23(1)  20(1) 24(1)  -3(1) 6(1)  0(1) 
C(19) 23(1)  19(1) 25(1)  -1(1) 2(1)  1(1) 
C(20) 20(1)  24(1) 21(1)  3(1) 4(1)  0(1) 
C(21) 18(1)  18(1) 27(1)  2(1) 3(1)  -3(1) 
C(22) 20(1)  18(1) 26(1)  4(1) 1(1)  5(1) 
C(23) 26(1)  17(1) 38(2)  4(1) 10(1)  2(1) 
C(24) 25(1)  18(1) 43(2)  5(1) 6(1)  0(1) 
C(25) 21(1)  22(1) 25(1)  1(1) 6(1)  3(1) 
C(26) 25(1)  18(1) 33(1)  3(1) 7(1)  2(1) 
C(27) 26(1)  16(1) 29(1)  2(1) 7(1)  3(1) 
C(28) 38(2)  28(1) 32(1)  2(1) 17(1)  1(1) 
C(29) 38(2)  21(1) 50(2)  7(1) 15(1)  -2(1) 
C(30) 26(1)  28(1) 34(1)  3(1) 3(1)  4(1) 
C(31) 34(1)  25(1) 32(1)  -2(1) 7(1)  7(1) 
C(32) 33(2)  26(1) 32(1)  6(1) 14(1)  6(1) 
C(33) 23(1)  27(1) 29(1)  -1(1) 2(1)  8(1) 
C(34) 28(1)  26(1) 23(1)  0(1) 4(1)  4(1) 
C(35) 28(1)  20(1) 32(1)  -2(1) 8(1)  5(1) 
C(36) 30(1)  26(1) 37(2)  -3(1) 5(1)  3(1) 
Br(3) 30(1)  26(1) 31(1)  11(1) 3(1)  3(1) 
O(9) 17(1)  22(1) 25(1)  -9(1) 7(1)  -2(1) 
O(10) 16(1)  38(1) 54(1)  -30(1) 14(1)  -10(1) 
O(11) 28(1)  17(1) 31(1)  -1(1) -3(1)  -2(1) 
O(12) 19(1)  22(1) 25(1)  3(1) -2(1)  -1(1) 
B(3) 12(1)  16(1) 25(1)  0(1) 4(1)  -3(1) 
C(37) 24(1)  21(1) 16(1)  4(1) 0(1)  0(1) 
C(38) 15(1)  26(1) 26(1)  2(1) 4(1)  3(1) 
C(39) 14(1)  22(1) 27(1)  1(1) 6(1)  -4(1) 
C(40) 15(1)  14(1) 17(1)  -3(1) 3(1)  0(1) 
C(41) 14(1)  22(1) 21(1)  -1(1) 4(1)  0(1) 
C(42) 19(1)  22(1) 20(1)  -1(1) 7(1)  -3(1) 
C(43) 12(1)  15(1) 22(1)  0(1) 4(1)  -1(1) 
C(44) 26(2)  19(2) 27(2)  -7(2) 7(2)  -3(2) 
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C(45) 23(2)  17(2) 35(2)  -11(2) 6(2)  -2(1) 
C(46) 65(3)  37(2) 22(2)  1(2) 4(2)  -1(2) 
C(47) 33(2)  34(2) 42(2)  -20(2) 12(2)  1(2) 
C(48) 22(2)  56(4) 46(4)  -20(2) 4(2)  -14(2) 
C(49) 65(3)  20(2) 39(2)  -7(2) 16(2)  -12(2) 
C(44X) 26(2)  19(2) 27(2)  -7(2) 7(2)  -3(2) 
C(45X) 12(5)  22(6) 54(8)  -15(5) 5(5)  4(4) 
C(46X) 24(6)  42(7) 37(7)  -21(6) 0(5)  -3(5) 
C(47X) 45(7)  26(5) 50(7)  -7(5) -2(6)  4(5) 
C(48X) 22(2)  56(4) 46(4)  -20(2) 4(2)  -14(2) 
C(49X) 65(3)  20(2) 39(2)  -7(2) 16(2)  -12(2) 
C(50) 20(1)  20(1) 23(1)  0(1) 8(1)  -2(1) 
C(51) 17(1)  16(1) 20(1)  1(1) 2(1)  -2(1) 
C(52) 19(1)  22(1) 18(1)  0(1) 3(1)  1(1) 
C(53) 29(1)  23(1) 24(1)  4(1) 0(1)  2(1) 
C(54) 24(2)  35(3) 26(3)  10(2) -1(2)  0(2) 
C(54X) 24(2)  35(3) 26(3)  10(2) -1(2)  0(2) 
Br(4) 21(1)  25(1) 38(1)  -15(1) 4(1)  -1(1) 
O(13) 14(1)  20(1) 25(1)  2(1) 6(1)  1(1) 
O(14) 15(1)  18(1) 27(1)  6(1) 6(1)  2(1) 
O(15) 37(1)  21(1) 30(1)  -2(1) 15(1)  -2(1) 
O(16) 34(1)  24(1) 27(1)  -7(1) 17(1)  -4(1) 
B(4) 15(1)  15(1) 22(1)  -4(1) 8(1)  1(1) 
C(55) 20(1)  16(1) 21(1)  -4(1) 4(1)  0(1) 
C(56) 17(1)  20(1) 23(1)  -1(1) 7(1)  4(1) 
C(57) 13(1)  23(1) 21(1)  0(1) 5(1)  -1(1) 
C(58) 18(1)  16(1) 14(1)  2(1) 4(1)  1(1) 
C(59) 15(1)  23(1) 28(1)  -3(1) 4(1)  2(1) 
C(60) 14(1)  26(1) 28(1)  -6(1) 2(1)  -2(1) 
C(61) 14(1)  17(1) 18(1)  -2(1) 4(1)  0(1) 
C(62) 18(1)  16(1) 23(1)  2(1) 6(1)  1(1) 
C(63) 15(1)  16(1) 29(1)  6(1) 6(1)  3(1) 
C(64) 36(2)  28(1) 27(1)  -3(1) 4(1)  -1(1) 
C(65) 20(1)  23(1) 38(1)  8(1) 3(1)  5(1) 
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C(66) 24(1)  30(1) 38(2)  12(1) 16(1)  6(1) 
C(67) 24(1)  18(1) 39(2)  3(1) 5(1)  -2(1) 
C(68) 20(1)  18(1) 19(1)  -2(1) 2(1)  -1(1) 
C(69) 20(1)  19(1) 24(1)  -2(1) 10(1)  -3(1) 
C(70) 22(1)  22(1) 22(1)  -2(1) 6(1)  3(1) 
C(71) 34(1)  26(1) 31(1)  -13(1) 13(1)  -4(1) 
C(72) 59(4)  45(2) 27(4)  -17(3) 25(3)  -14(3) 
C(72X) 59(4)  45(2) 27(4)  -17(3) 25(3)  -14(3) 
________________________________________________________________________
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Table 5.   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 10 
3) for C18H26BBrO4. 
________________________________________________________________________  
 x  y  z  U(eq) 
________________________________________________________________________  
  
H(2) 9033 4813 5543 31 
H(3) 8153 3655 5068 28 
H(5) 4845 4309 5417 26 
H(6) 5708 5476 5869 28 
H(10A) 10032 2436 5742 44 
H(10B) 9819 1925 6348 44 
H(10C) 8944 2656 6106 44 
H(11A) 9887 1405 5003 44 
H(11B) 8706 848 4829 44 
H(11C) 9673 746 5508 44 
H(12A) 7160 930 6684 52 
H(12B) 8111 1644 6772 52 
H(12C) 8556 790 6616 52 
H(13A) 6259 409 5654 47 
H(13B) 7525 212 5435 47 
H(13C) 6521 762 4989 47 
H(14A) 4000 3357 4829 37 
H(14B) 4594 2905 5489 37 
H(14C) 4229 2436 4816 37 
H(15A) 5204 3567 3969 26 
H(15B) 6598 3266 4069 26 
H(17A) 3759 1544 2993 30 
H(17B) 4991 1524 2702 30 
H(18A) 3246 1728 1849 64 
H(18B) 4134 2473 1918 64 
H(18C) 2909 2496 2209 64 
H(20) 2903 5653 6139 26 
H(21) 2530 6648 6831 25 
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H(23) 416 5200 7651 32 
H(24) 718 4211 6936 34 
H(28A) 1045 8027 5736 47 
H(28B) -379 8275 5608 47 
H(28C) 54 7459 5951 47 
H(29A) 1814 9143 6345 53 
H(29B) 1360 9397 6991 53 
H(29C) 495 9549 6289 53 
H(30A) -2557 8417 6639 45 
H(30B) -1960 7974 6108 45 
H(30C) -1925 8906 6147 45 
H(31A) -1355 8969 7595 45 
H(31B) -547 9521 7231 45 
H(31C) 119 8907 7766 45 
H(32A) 711 6038 8497 44 
H(32B) -445 6347 7966 44 
H(32C) 283 6928 8511 44 
H(33A) 2762 6536 8537 32 
H(33B) 3140 6896 7902 32 
H(35A) 3445 8844 9293 32 
H(35B) 3601 9117 8580 32 
H(36A) 5418 9397 9356 47 
H(36B) 5705 8763 8848 47 
H(36C) 5549 8496 9558 47 
H(38) 5641 5592 1982 27 
H(39) 5134 6728 1376 25 
H(41) 1547 6439 1462 23 
H(42) 2053 5301 2070 24 
H(46A) 4018 7904 2810 63 
H(46B) 2747 8031 3045 63 
H(46C) 3893 8597 3304 63 
H(47A) 1874 9793 2141 53 
H(47B) 2568 9762 2891 53 
H(47C) 1420 9198 2630 53 
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H(48A) 5469 8852 2832 62 
H(48B) 5130 9758 2854 62 
H(48C) 5927 9454 2349 62 
H(49A) 2945 9785 1326 61 
H(49B) 4371 10006 1397 61 
H(49C) 3611 10340 1909 61 
H(46D) 2398 8539 3070 53 
H(46E) 1321 9082 2675 53 
H(46F) 2531 9468 3113 53 
H(47D) 2929 9749 1473 63 
H(47E) 2857 10220 2124 63 
H(47F) 1642 9822 1701 63 
H(48D) 3985 7791 2851 62 
H(48E) 4457 8511 3324 62 
H(48F) 5401 8056 2975 62 
H(49D) 4969 9884 2099 61 
H(49E) 6006 9294 2466 61 
H(49F) 5144 9747 2869 61 
H(50A) 3666 7136 130 31 
H(50B) 4687 7545 683 31 
H(50C) 3649 8062 226 31 
H(51A) 1497 7022 260 21 
H(51B) 1087 7362 892 21 
H(53A) 59 8785 -998 31 
H(53B) -213 9229 -369 31 
H(54A) -2039 9056 -1139 44 
H(54B) -2093 8577 -490 44 
H(54C) -1822 8133 -1118 44 
H(54D) -1889 8833 -1389 44 
H(54E) -2091 8219 -846 44 
H(54F) -1253 7991 -1354 44 
H(56) 355 4698 9222 24 
H(57) -19 3613 8540 22 
H(59) 3627 3418 8579 26 
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H(60) 4012 4518 9248 28 
H(64A) 3804 2052 10224 46 
H(64B) 2722 1619 10485 46 
H(64C) 2404 2331 9984 46 
H(65A) 4579 913 9811 41 
H(65B) 3735 367 9278 41 
H(65C) 3600 334 10023 41 
H(66A) -81 696 9683 44 
H(66B) 693 1394 10080 44 
H(66C) 1191 517 10183 44 
H(67A) 493 104 8778 40 
H(67B) 1850 -147 9148 40 
H(67C) 1669 383 8506 40 
H(68A) 57 2981 7370 29 
H(68B) -377 2636 7996 29 
H(68C) 75 2059 7493 29 
H(69A) 2231 2953 7288 24 
H(69B) 3284 2650 7880 24 
H(71A) 2072 795 6328 35 
H(71B) 3429 640 6762 35 
H(72A) 3510 672 5642 62 
H(72B) 4296 1380 6015 62 
H(72C) 2945 1534 5583 62 
H(72D) 3881 553 5863 62 
H(72E) 4640 1165 6370 62 
H(72F) 3633 1468 5758 62 
________________________________________________________________________
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Table 6.  Torsion angles [°] for C18H26BBrO4. 
________________________________________________________________  
C(9)-O(2)-B(1)-O(1) -9.4(3) 
C(9)-O(2)-B(1)-C(7) 175.5(2) 
C(8)-O(1)-B(1)-O(2) -10.7(3) 
C(8)-O(1)-B(1)-C(7) 164.3(2) 
C(6)-C(1)-C(2)-C(3) -0.4(4) 
Br(1)-C(1)-C(2)-C(3) 178.45(18) 
C(1)-C(2)-C(3)-C(4) -0.9(4) 
C(2)-C(3)-C(4)-C(5) 1.3(3) 
C(2)-C(3)-C(4)-C(7) -179.7(2) 
C(3)-C(4)-C(5)-C(6) -0.5(3) 
C(7)-C(4)-C(5)-C(6) -179.5(2) 
C(2)-C(1)-C(6)-C(5) 1.1(4) 
Br(1)-C(1)-C(6)-C(5) -177.67(17) 
C(4)-C(5)-C(6)-C(1) -0.7(4) 
C(5)-C(4)-C(7)-C(14) -12.4(3) 
C(3)-C(4)-C(7)-C(14) 168.6(2) 
C(5)-C(4)-C(7)-C(15) 107.6(2) 
C(3)-C(4)-C(7)-C(15) -71.4(3) 
C(5)-C(4)-C(7)-B(1) -133.1(2) 
C(3)-C(4)-C(7)-B(1) 47.8(3) 
O(2)-B(1)-C(7)-C(14) -26.2(3) 
O(1)-B(1)-C(7)-C(14) 159.3(2) 
O(2)-B(1)-C(7)-C(15) -146.8(2) 
O(1)-B(1)-C(7)-C(15) 38.6(3) 
O(2)-B(1)-C(7)-C(4) 96.0(3) 
O(1)-B(1)-C(7)-C(4) -78.6(3) 
B(1)-O(1)-C(8)-C(11) 146.8(2) 
B(1)-O(1)-C(8)-C(10) -94.9(2) 
B(1)-O(1)-C(8)-C(9) 24.6(2) 
B(1)-O(2)-C(9)-C(12) 146.0(2) 
B(1)-O(2)-C(9)-C(13) -95.0(2) 
B(1)-O(2)-C(9)-C(8) 23.9(2) 
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O(1)-C(8)-C(9)-O(2) -29.1(2) 
C(11)-C(8)-C(9)-O(2) -147.02(19) 
C(10)-C(8)-C(9)-O(2) 85.0(2) 
O(1)-C(8)-C(9)-C(12) -146.6(2) 
C(11)-C(8)-C(9)-C(12) 95.6(3) 
C(10)-C(8)-C(9)-C(12) -32.4(3) 
O(1)-C(8)-C(9)-C(13) 84.7(2) 
C(11)-C(8)-C(9)-C(13) -33.1(3) 
C(10)-C(8)-C(9)-C(13) -161.1(2) 
C(14)-C(7)-C(15)-C(16) -62.6(3) 
C(4)-C(7)-C(15)-C(16) 175.98(19) 
B(1)-C(7)-C(15)-C(16) 58.1(3) 
C(17)-O(4)-C(16)-O(3) 0.5(3) 
C(17)-O(4)-C(16)-C(15) -179.9(2) 
C(7)-C(15)-C(16)-O(3) -26.8(3) 
C(7)-C(15)-C(16)-O(4) 153.6(2) 
C(16)-O(4)-C(17)-C(18) 172.4(2) 
C(27)-O(6)-B(2)-O(5) -12.0(3) 
C(27)-O(6)-B(2)-C(25) 171.4(2) 
C(26)-O(5)-B(2)-O(6) -7.7(3) 
C(26)-O(5)-B(2)-C(25) 168.9(2) 
C(24)-C(19)-C(20)-C(21) -1.0(4) 
Br(2)-C(19)-C(20)-C(21) 178.91(17) 
C(19)-C(20)-C(21)-C(22) 1.2(3) 
C(20)-C(21)-C(22)-C(23) -0.1(3) 
C(20)-C(21)-C(22)-C(25) 179.2(2) 
C(21)-C(22)-C(23)-C(24) -1.1(4) 
C(25)-C(22)-C(23)-C(24) 179.6(2) 
C(20)-C(19)-C(24)-C(23) -0.2(4) 
Br(2)-C(19)-C(24)-C(23) 179.87(19) 
C(22)-C(23)-C(24)-C(19) 1.3(4) 
C(23)-C(22)-C(25)-C(32) -2.6(3) 
C(21)-C(22)-C(25)-C(32) 178.2(2) 
C(23)-C(22)-C(25)-C(33) 118.0(3) 
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C(21)-C(22)-C(25)-C(33) -61.3(3) 
C(23)-C(22)-C(25)-B(2) -123.7(2) 
C(21)-C(22)-C(25)-B(2) 57.0(3) 
O(6)-B(2)-C(25)-C(32) -22.4(3) 
O(5)-B(2)-C(25)-C(32) 161.2(2) 
O(6)-B(2)-C(25)-C(22) 100.7(3) 
O(5)-B(2)-C(25)-C(22) -75.6(3) 
O(6)-B(2)-C(25)-C(33) -142.7(2) 
O(5)-B(2)-C(25)-C(33) 40.9(3) 
B(2)-O(5)-C(26)-C(29) 144.5(2) 
B(2)-O(5)-C(26)-C(28) -96.2(2) 
B(2)-O(5)-C(26)-C(27) 22.5(2) 
B(2)-O(6)-C(27)-C(30) 147.1(2) 
B(2)-O(6)-C(27)-C(31) -93.5(2) 
B(2)-O(6)-C(27)-C(26) 24.8(2) 
O(5)-C(26)-C(27)-O(6) -28.4(2) 
C(29)-C(26)-C(27)-O(6) -145.8(2) 
C(28)-C(26)-C(27)-O(6) 86.0(2) 
O(5)-C(26)-C(27)-C(30) -146.3(2) 
C(29)-C(26)-C(27)-C(30) 96.2(3) 
C(28)-C(26)-C(27)-C(30) -32.0(3) 
O(5)-C(26)-C(27)-C(31) 85.5(2) 
C(29)-C(26)-C(27)-C(31) -32.0(3) 
C(28)-C(26)-C(27)-C(31) -160.2(2) 
C(32)-C(25)-C(33)-C(34) -77.2(3) 
C(22)-C(25)-C(33)-C(34) 160.4(2) 
B(2)-C(25)-C(33)-C(34) 42.9(3) 
C(35)-O(8)-C(34)-O(7) -5.3(4) 
C(35)-O(8)-C(34)-C(33) 172.9(2) 
C(25)-C(33)-C(34)-O(7) 11.0(4) 
C(25)-C(33)-C(34)-O(8) -167.1(2) 
C(34)-O(8)-C(35)-C(36) 178.1(2) 
C(44)-O(9)-B(3)-O(10) -10.2(3) 
C(44)-O(9)-B(3)-C(43) 164.6(2) 
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C(45)-O(10)-B(3)-O(9) -14.0(3) 
C(45)-O(10)-B(3)-C(43) 171.2(3) 
C(42)-C(37)-C(38)-C(39) -0.4(4) 
Br(3)-C(37)-C(38)-C(39) 179.82(18) 
C(37)-C(38)-C(39)-C(40) -0.6(4) 
C(38)-C(39)-C(40)-C(41) 1.4(3) 
C(38)-C(39)-C(40)-C(43) 179.2(2) 
C(39)-C(40)-C(41)-C(42) -1.4(3) 
C(43)-C(40)-C(41)-C(42) -179.1(2) 
C(38)-C(37)-C(42)-C(41) 0.4(3) 
Br(3)-C(37)-C(42)-C(41) -179.78(17) 
C(40)-C(41)-C(42)-C(37) 0.5(3) 
C(41)-C(40)-C(43)-C(51) -26.1(3) 
C(39)-C(40)-C(43)-C(51) 156.3(2) 
C(41)-C(40)-C(43)-C(50) -147.4(2) 
C(39)-C(40)-C(43)-C(50) 35.0(3) 
C(41)-C(40)-C(43)-B(3) 92.7(2) 
C(39)-C(40)-C(43)-B(3) -84.9(2) 
O(9)-B(3)-C(43)-C(40) -82.9(3) 
O(10)-B(3)-C(43)-C(40) 91.3(3) 
O(9)-B(3)-C(43)-C(51) 36.0(3) 
O(10)-B(3)-C(43)-C(51) -149.7(2) 
O(9)-B(3)-C(43)-C(50) 157.1(2) 
O(10)-B(3)-C(43)-C(50) -28.7(3) 
B(3)-O(9)-C(44)-C(46) -91.5(3) 
B(3)-O(9)-C(44)-C(47) 147.9(3) 
B(3)-O(9)-C(44)-C(45) 28.3(3) 
B(3)-O(10)-C(45)-C(48) 148.2(3) 
B(3)-O(10)-C(45)-C(49) -90.1(3) 
B(3)-O(10)-C(45)-C(44) 29.7(3) 
O(9)-C(44)-C(45)-O(10) -34.7(3) 
C(46)-C(44)-C(45)-O(10) 81.0(4) 
C(47)-C(44)-C(45)-O(10) -151.1(3) 
O(9)-C(44)-C(45)-C(48) -148.7(4) 
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C(46)-C(44)-C(45)-C(48) -33.0(5) 
C(47)-C(44)-C(45)-C(48) 94.9(5) 
O(9)-C(44)-C(45)-C(49) 81.2(3) 
C(46)-C(44)-C(45)-C(49) -163.0(3) 
C(47)-C(44)-C(45)-C(49) -35.2(5) 
C(40)-C(43)-C(51)-C(52) 175.74(18) 
C(50)-C(43)-C(51)-C(52) -62.0(2) 
B(3)-C(43)-C(51)-C(52) 60.0(2) 
C(53)-O(12)-C(52)-O(11) 3.4(3) 
C(53)-O(12)-C(52)-C(51) -177.77(19) 
C(43)-C(51)-C(52)-O(11) -16.5(3) 
C(43)-C(51)-C(52)-O(12) 164.65(19) 
C(52)-O(12)-C(53)-C(54) -158.1(3) 
C(63)-O(14)-B(4)-O(13) -12.4(2) 
C(63)-O(14)-B(4)-C(61) 173.93(19) 
C(62)-O(13)-B(4)-O(14) -8.7(2) 
C(62)-O(13)-B(4)-C(61) 164.9(2) 
C(60)-C(55)-C(56)-C(57) 0.8(3) 
Br(4)-C(55)-C(56)-C(57) -176.91(17) 
C(55)-C(56)-C(57)-C(58) 0.4(3) 
C(56)-C(57)-C(58)-C(59) -1.1(3) 
C(56)-C(57)-C(58)-C(61) 173.9(2) 
C(57)-C(58)-C(59)-C(60) 0.5(3) 
C(61)-C(58)-C(59)-C(60) -174.5(2) 
C(56)-C(55)-C(60)-C(59) -1.4(4) 
Br(4)-C(55)-C(60)-C(59) 176.34(18) 
C(58)-C(59)-C(60)-C(55) 0.8(4) 
C(59)-C(58)-C(61)-C(68) -159.2(2) 
C(57)-C(58)-C(61)-C(68) 26.0(3) 
C(59)-C(58)-C(61)-C(69) -37.1(3) 
C(57)-C(58)-C(61)-C(69) 148.2(2) 
C(59)-C(58)-C(61)-B(4) 81.8(2) 
C(57)-C(58)-C(61)-B(4) -92.9(2) 
O(14)-B(4)-C(61)-C(68) -22.9(3) 
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O(13)-B(4)-C(61)-C(68) 164.1(2) 
O(14)-B(4)-C(61)-C(58) 97.5(2) 
O(13)-B(4)-C(61)-C(58) -75.5(3) 
O(14)-B(4)-C(61)-C(69) -143.7(2) 
O(13)-B(4)-C(61)-C(69) 43.3(3) 
B(4)-O(13)-C(62)-C(64) -94.9(2) 
B(4)-O(13)-C(62)-C(65) 145.52(19) 
B(4)-O(13)-C(62)-C(63) 24.5(2) 
B(4)-O(14)-C(63)-C(66) 148.4(2) 
B(4)-O(14)-C(63)-C(67) -92.3(2) 
B(4)-O(14)-C(63)-C(62) 26.5(2) 
O(13)-C(62)-C(63)-O(14) -30.8(2) 
C(64)-C(62)-C(63)-O(14) 83.8(2) 
C(65)-C(62)-C(63)-O(14) -148.48(19) 
O(13)-C(62)-C(63)-C(66) -148.52(19) 
C(64)-C(62)-C(63)-C(66) -33.9(3) 
C(65)-C(62)-C(63)-C(66) 93.8(2) 
O(13)-C(62)-C(63)-C(67) 82.5(2) 
C(64)-C(62)-C(63)-C(67) -162.9(2) 
C(65)-C(62)-C(63)-C(67) -35.2(3) 
C(68)-C(61)-C(69)-C(70) -65.2(2) 
C(58)-C(61)-C(69)-C(70) 170.71(19) 
B(4)-C(61)-C(69)-C(70) 56.3(3) 
C(71)-O(16)-C(70)-O(15) -1.2(4) 
C(71)-O(16)-C(70)-C(69) 177.4(2) 
C(61)-C(69)-C(70)-O(15) -19.6(4) 
C(61)-C(69)-C(70)-O(16) 161.9(2) 
C(70)-O(16)-C(71)-C(72) 178.5(6) 
________________________________________________________________  
Symmetry transformations used to generate equivalent atoms:  
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X-ray Crystal Data for (S)-Ethyl 3-(naphthalen-2-yl)-3-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)butanoate (2.61). 
 
Table 1.  Crystal data and structure refinement for C22H29BO4. 
Identification code  C22H29BO4 
Empirical formula  C22 H29 BO4 
Formula weight  369.27 
Temperature  100(2) K 
Wavelength  1.54178 Å 
Crystal system  Triclinic 
Space group  P 1 
Unit cell dimensions a = 6.2174(3) Å = 68.885(2)°. 
 b = 9.1621(5) Å = 72.9090(10)°. 
 c = 10.3772(6) Å  = 71.408(2)°. 
Volume 511.84(5) Å3 
Z 1 
Density (calculated) 1.198 Mg/m3 
Absorption coefficient 0.636 mm-1 
F(000) 199 
Crystal size 0.29 x 0.28 x 0.20 mm3 
Theta range for data collection 4.66 to 67.01°. 
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Index ranges -7<=h<=7, -10<=k<=10, -12<=l<=12 
Reflections collected 9561 
Independent reflections 3198 [R(int) = 0.0212] 
Completeness to theta = 67.01° 93.0 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.8807 and 0.8371 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 3198 / 3 / 251 
Goodness-of-fit on F2 1.169 
Final R indices [I>2sigma(I)] R1 = 0.0361, wR2 = 0.0857 
R indices (all data) R1 = 0.0361, wR2 = 0.0857 
Absolute structure parameter 0.08(13) 
Extinction coefficient 0.102(4) 
Largest diff. peak and hole 0.216 and -0.276 e.Å-3 
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Table 2.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters 
(Å2x 103) for C22H29BO4.  U(eq) is defined as one third of  the trace of the 
orthogonalized Uij tensor. 
________________________________________________________________________  
 x y z U(eq) 
________________________________________________________________________  
B(1) 8984(3) 8341(2) 7458(2) 21(1) 
O(1) 10395(2) 6868(1) 7930(1) 24(1) 
O(2) 7601(2) 8361(1) 6635(1) 25(1) 
O(3) 3749(2) 10751(1) 10344(1) 34(1) 
O(4) 5724(2) 8372(1) 9973(1) 28(1) 
C(1) 9003(2) 9946(2) 7706(1) 20(1) 
C(2) 10052(2) 11011(2) 6288(1) 20(1) 
C(3) 12502(2) 10645(2) 5802(2) 24(1) 
C(4) 13536(2) 11573(2) 4559(2) 28(1) 
C(5) 12210(3) 12929(2) 3688(2) 26(1) 
C(6) 13215(3) 13908(2) 2383(2) 33(1) 
C(7) 11840(3) 15178(2) 1565(2) 35(1) 
C(8) 9408(3) 15523(2) 2013(2) 31(1) 
C(9) 8393(3) 14611(2) 3272(2) 26(1) 
C(10) 9761(2) 13283(2) 4143(1) 22(1) 
C(11) 8749(2) 12309(2) 5446(1) 21(1) 
C(12) 9601(2) 5709(2) 7609(2) 25(1) 
C(13) 8410(2) 6809(2) 6352(2) 24(1) 
C(14) 7913(3) 5031(2) 8935(2) 34(1) 
C(15) 11647(3) 4372(2) 7290(2) 34(1) 
C(16) 6348(3) 6322(2) 6277(2) 31(1) 
C(17) 10101(3) 7031(2) 4932(2) 34(1) 
C(18) 6489(2) 10815(2) 8224(2) 21(1) 
C(19) 5337(2) 9822(2) 9604(2) 22(1) 
C(20) 2435(3) 9945(2) 11681(2) 41(1) 
C(21) 121(3) 11064(2) 11941(2) 39(1) 
C(22) 10439(2) 9599(2) 8818(2) 25(1) 
________________________________________________________________________
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Table 3.   Bond lengths [Å] and angles [°] for  C22H29BO4. 
_____________________________________________________  
B(1)-O(1)  1.361(2) 
B(1)-O(2)  1.3711(19) 
B(1)-C(1)  1.585(2) 
O(1)-C(12)  1.4720(17) 
O(2)-C(13)  1.456(2) 
O(3)-C(19)  1.3329(19) 
O(3)-C(20)  1.456(2) 
O(4)-C(19)  1.2063(19) 
C(1)-C(2)  1.5334(19) 
C(1)-C(18)  1.5444(19) 
C(1)-C(22)  1.5464(18) 
C(2)-C(11)  1.374(2) 
C(2)-C(3)  1.425(2) 
C(3)-C(4)  1.368(2) 
C(3)-H(3)  0.9500 
C(4)-C(5)  1.420(2) 
C(4)-H(4)  0.9500 
C(5)-C(6)  1.419(2) 
C(5)-C(10)  1.421(2) 
C(6)-C(7)  1.373(3) 
C(6)-H(6)  0.9500 
C(7)-C(8)  1.411(2) 
C(7)-H(7)  0.9500 
C(8)-C(9)  1.368(2) 
C(8)-H(8)  0.9500 
C(9)-C(10)  1.421(2) 
C(9)-H(9)  0.9500 
C(10)-C(11)  1.4172(19) 
C(11)-H(11)  0.9500 
C(12)-C(15)  1.510(2) 
C(12)-C(14)  1.527(2) 
C(12)-C(13)  1.553(2) 
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C(13)-C(16)  1.515(2) 
C(13)-C(17)  1.525(2) 
C(14)-H(14A)  0.9800 
C(14)-H(14B)  0.9800 
C(14)-H(14C)  0.9800 
C(15)-H(15A)  0.9800 
C(15)-H(15B)  0.9800 
C(15)-H(15C)  0.9800 
C(16)-H(16A)  0.9800 
C(16)-H(16B)  0.9800 
C(16)-H(16C)  0.9800 
C(17)-H(17A)  0.9800 
C(17)-H(17B)  0.9800 
C(17)-H(17C)  0.9800 
C(18)-C(19)  1.505(2) 
C(18)-H(18A)  0.9900 
C(18)-H(18B)  0.9900 
C(20)-C(21)  1.491(3) 
C(20)-H(20A)  0.9900 
C(20)-H(20B)  0.9900 
C(21)-H(21A)  0.9800 
C(21)-H(21B)  0.9800 
C(21)-H(21C)  0.9800 
C(22)-H(22A)  0.9800 
C(22)-H(22B)  0.9800 
C(22)-H(22C)  0.9800 
 
O(1)-B(1)-O(2) 113.62(14) 
O(1)-B(1)-C(1) 125.10(12) 
O(2)-B(1)-C(1) 121.13(13) 
B(1)-O(1)-C(12) 106.54(11) 
B(1)-O(2)-C(13) 106.56(11) 
C(19)-O(3)-C(20) 117.24(13) 
C(2)-C(1)-C(18) 109.94(11) 
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C(2)-C(1)-C(22) 109.81(11) 
C(18)-C(1)-C(22) 108.65(11) 
C(2)-C(1)-B(1) 107.46(11) 
C(18)-C(1)-B(1) 109.15(11) 
C(22)-C(1)-B(1) 111.82(12) 
C(11)-C(2)-C(3) 117.67(13) 
C(11)-C(2)-C(1) 123.37(12) 
C(3)-C(2)-C(1) 118.96(12) 
C(4)-C(3)-C(2) 121.45(13) 
C(4)-C(3)-H(3) 119.3 
C(2)-C(3)-H(3) 119.3 
C(3)-C(4)-C(5) 121.36(13) 
C(3)-C(4)-H(4) 119.3 
C(5)-C(4)-H(4) 119.3 
C(6)-C(5)-C(4) 123.03(14) 
C(6)-C(5)-C(10) 119.22(14) 
C(4)-C(5)-C(10) 117.73(14) 
C(7)-C(6)-C(5) 120.49(15) 
C(7)-C(6)-H(6) 119.8 
C(5)-C(6)-H(6) 119.8 
C(6)-C(7)-C(8) 120.30(15) 
C(6)-C(7)-H(7) 119.8 
C(8)-C(7)-H(7) 119.8 
C(9)-C(8)-C(7) 120.47(14) 
C(9)-C(8)-H(8) 119.8 
C(7)-C(8)-H(8) 119.8 
C(8)-C(9)-C(10) 120.74(13) 
C(8)-C(9)-H(9) 119.6 
C(10)-C(9)-H(9) 119.6 
C(11)-C(10)-C(5) 119.42(13) 
C(11)-C(10)-C(9) 121.81(12) 
C(5)-C(10)-C(9) 118.77(13) 
C(2)-C(11)-C(10) 122.33(12) 
C(2)-C(11)-H(11) 118.8 
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C(10)-C(11)-H(11) 118.8 
O(1)-C(12)-C(15) 109.52(11) 
O(1)-C(12)-C(14) 106.11(12) 
C(15)-C(12)-C(14) 109.98(14) 
O(1)-C(12)-C(13) 101.66(11) 
C(15)-C(12)-C(13) 115.42(14) 
C(14)-C(12)-C(13) 113.38(13) 
O(2)-C(13)-C(16) 108.72(12) 
O(2)-C(13)-C(17) 107.12(12) 
C(16)-C(13)-C(17) 110.12(13) 
O(2)-C(13)-C(12) 102.55(12) 
C(16)-C(13)-C(12) 114.71(13) 
C(17)-C(13)-C(12) 113.01(13) 
C(12)-C(14)-H(14A) 109.5 
C(12)-C(14)-H(14B) 109.5 
H(14A)-C(14)-H(14B) 109.5 
C(12)-C(14)-H(14C) 109.5 
H(14A)-C(14)-H(14C) 109.5 
H(14B)-C(14)-H(14C) 109.5 
C(12)-C(15)-H(15A) 109.5 
C(12)-C(15)-H(15B) 109.5 
H(15A)-C(15)-H(15B) 109.5 
C(12)-C(15)-H(15C) 109.5 
H(15A)-C(15)-H(15C) 109.5 
H(15B)-C(15)-H(15C) 109.5 
C(13)-C(16)-H(16A) 109.5 
C(13)-C(16)-H(16B) 109.5 
H(16A)-C(16)-H(16B) 109.5 
C(13)-C(16)-H(16C) 109.5 
H(16A)-C(16)-H(16C) 109.5 
H(16B)-C(16)-H(16C) 109.5 
C(13)-C(17)-H(17A) 109.5 
C(13)-C(17)-H(17B) 109.5 
H(17A)-C(17)-H(17B) 109.5 
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C(13)-C(17)-H(17C) 109.5 
H(17A)-C(17)-H(17C) 109.5 
H(17B)-C(17)-H(17C) 109.5 
C(19)-C(18)-C(1) 112.78(12) 
C(19)-C(18)-H(18A) 109.0 
C(1)-C(18)-H(18A) 109.0 
C(19)-C(18)-H(18B) 109.0 
C(1)-C(18)-H(18B) 109.0 
H(18A)-C(18)-H(18B) 107.8 
O(4)-C(19)-O(3) 123.95(14) 
O(4)-C(19)-C(18) 124.47(13) 
O(3)-C(19)-C(18) 111.50(13) 
O(3)-C(20)-C(21) 107.52(14) 
O(3)-C(20)-H(20A) 110.2 
C(21)-C(20)-H(20A) 110.2 
O(3)-C(20)-H(20B) 110.2 
C(21)-C(20)-H(20B) 110.2 
H(20A)-C(20)-H(20B) 108.5 
C(20)-C(21)-H(21A) 109.5 
C(20)-C(21)-H(21B) 109.5 
H(21A)-C(21)-H(21B) 109.5 
C(20)-C(21)-H(21C) 109.5 
H(21A)-C(21)-H(21C) 109.5 
H(21B)-C(21)-H(21C) 109.5 
C(1)-C(22)-H(22A) 109.5 
C(1)-C(22)-H(22B) 109.5 
H(22A)-C(22)-H(22B) 109.5 
C(1)-C(22)-H(22C) 109.5 
H(22A)-C(22)-H(22C) 109.5 
H(22B)-C(22)-H(22C) 109.5 
_____________________________________________________________  
Symmetry transformations used to generate equivalent atoms:  
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Table 4.   Anisotropic displacement parameters  (Å2x 103) for C22H29BO4.  The 
anisotropic displacement factor exponent takes the form:  -22[ h2 a*2U11 + ...  + 2 h k 
a* b* U12 ] 
________________________________________________________________________  
 U11 U22  U33 U23 U13 U12 
________________________________________________________________________  
B(1) 17(1)  22(1) 22(1)  -7(1) -1(1)  -4(1) 
O(1) 23(1)  18(1) 33(1)  -9(1) -10(1)  -3(1) 
O(2) 23(1)  18(1) 37(1)  -12(1) -12(1)  -1(1) 
O(3) 41(1)  25(1) 27(1)  -10(1) 4(1)  -5(1) 
O(4) 27(1)  23(1) 32(1)  -8(1) -1(1)  -5(1) 
C(1) 19(1)  20(1) 25(1)  -7(1) -7(1)  -3(1) 
C(2) 21(1)  19(1) 26(1)  -12(1) -6(1)  -4(1) 
C(3) 22(1)  21(1) 30(1)  -10(1) -8(1)  -1(1) 
C(4) 18(1)  32(1) 33(1)  -13(1) -2(1)  -4(1) 
C(5) 25(1)  26(1) 27(1)  -10(1) -3(1)  -8(1) 
C(6) 27(1)  36(1) 34(1)  -10(1) -1(1)  -9(1) 
C(7) 39(1)  34(1) 27(1)  -2(1) -1(1)  -14(1) 
C(8) 39(1)  25(1) 27(1)  -5(1) -11(1)  -5(1) 
C(9) 27(1)  25(1) 27(1)  -11(1) -6(1)  -4(1) 
C(10) 25(1)  21(1) 26(1)  -12(1) -6(1)  -4(1) 
C(11) 18(1)  22(1) 25(1)  -12(1) -4(1)  -3(1) 
C(12) 23(1)  18(1) 36(1)  -10(1) -7(1)  -6(1) 
C(13) 22(1)  20(1) 34(1)  -12(1) -6(1)  -4(1) 
C(14) 45(1)  26(1) 33(1)  -8(1) -2(1)  -17(1) 
C(15) 28(1)  23(1) 54(1)  -16(1) -13(1)  -2(1) 
C(16) 23(1)  30(1) 49(1)  -21(1) -9(1)  -4(1) 
C(17) 39(1)  34(1) 33(1)  -14(1) -3(1)  -16(1) 
C(18) 21(1)  17(1) 27(1)  -8(1) -6(1)  -2(1) 
C(19) 20(1)  22(1) 25(1)  -8(1) -8(1)  -2(1) 
C(20) 50(1)  32(1) 27(1)  -6(1) 7(1)  -7(1) 
C(21) 45(1)  38(1) 31(1)  -14(1) 5(1)  -11(1) 
C(22) 26(1)  26(1) 26(1)  -7(1) -9(1)  -8(1) 
________________________________________________________________________
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Table 5.   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 10 
3) for C22H29BO4. 
________________________________________________________________________  
 x  y  z  U(eq) 
________________________________________________________________________  
  
H(3) 13438 9736 6353 29 
H(4) 15176 11305 4272 33 
H(6) 14851 13683 2073 40 
H(7) 12530 15827 693 42 
H(8) 8468 16396 1435 37 
H(9) 6754 14867 3569 31 
H(11) 7112 12562 5747 25 
H(14A) 8706 4518 9732 51 
H(14B) 7351 4232 8784 51 
H(14C) 6599 5908 9140 51 
H(15A) 12812 4833 6511 50 
H(15B) 11132 3635 7021 50 
H(15C) 12326 3779 8129 50 
H(16A) 5154 6365 7133 47 
H(16B) 6840 5223 6201 47 
H(16C) 5718 7064 5450 47 
H(17A) 9322 7880 4205 50 
H(17B) 10635 6019 4686 50 
H(17C) 11433 7338 4993 50 
H(18A) 6497 11842 8333 26 
H(18B) 5574 11074 7500 26 
H(20A) 3251 9684 12453 49 
H(20B) 2253 8930 11638 49 
H(21A) 326 12126 11819 59 
H(21B) -703 10639 12905 59 
H(21C) -780 11161 11269 59 
H(22A) 11998 8957 8548 37 
H(22B) 9682 9002 9741 37 
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H(22C) 10548 10620 8870 37 
________________________________________________________________________
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Table 6.  Torsion angles [°] for C22H29BO4. 
________________________________________________________________  
O(2)-B(1)-O(1)-C(12) -11.00(16) 
C(1)-B(1)-O(1)-C(12) 173.50(13) 
O(1)-B(1)-O(2)-C(13) -9.30(16) 
C(1)-B(1)-O(2)-C(13) 166.39(12) 
O(1)-B(1)-C(1)-C(2) 108.29(15) 
O(2)-B(1)-C(1)-C(2) -66.88(16) 
O(1)-B(1)-C(1)-C(18) -132.52(14) 
O(2)-B(1)-C(1)-C(18) 52.31(17) 
O(1)-B(1)-C(1)-C(22) -12.28(19) 
O(2)-B(1)-C(1)-C(22) 172.55(12) 
C(18)-C(1)-C(2)-C(11) -16.66(18) 
C(22)-C(1)-C(2)-C(11) -136.14(14) 
B(1)-C(1)-C(2)-C(11) 102.03(15) 
C(18)-C(1)-C(2)-C(3) 163.78(12) 
C(22)-C(1)-C(2)-C(3) 44.30(18) 
B(1)-C(1)-C(2)-C(3) -77.53(15) 
C(11)-C(2)-C(3)-C(4) 1.7(2) 
C(1)-C(2)-C(3)-C(4) -178.68(13) 
C(2)-C(3)-C(4)-C(5) -1.0(2) 
C(3)-C(4)-C(5)-C(6) -179.12(15) 
C(3)-C(4)-C(5)-C(10) -0.7(2) 
C(4)-C(5)-C(6)-C(7) 178.12(17) 
C(10)-C(5)-C(6)-C(7) -0.3(2) 
C(5)-C(6)-C(7)-C(8) -0.1(3) 
C(6)-C(7)-C(8)-C(9) 0.8(3) 
C(7)-C(8)-C(9)-C(10) -1.0(2) 
C(6)-C(5)-C(10)-C(11) 179.99(14) 
C(4)-C(5)-C(10)-C(11) 1.5(2) 
C(6)-C(5)-C(10)-C(9) 0.0(2) 
C(4)-C(5)-C(10)-C(9) -178.47(14) 
C(8)-C(9)-C(10)-C(11) -179.31(14) 
C(8)-C(9)-C(10)-C(5) 0.6(2) 
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C(3)-C(2)-C(11)-C(10) -0.9(2) 
C(1)-C(2)-C(11)-C(10) 179.55(12) 
C(5)-C(10)-C(11)-C(2) -0.7(2) 
C(9)-C(10)-C(11)-C(2) 179.25(14) 
B(1)-O(1)-C(12)-C(15) 147.41(13) 
B(1)-O(1)-C(12)-C(14) -93.92(14) 
B(1)-O(1)-C(12)-C(13) 24.86(14) 
B(1)-O(2)-C(13)-C(16) 145.96(13) 
B(1)-O(2)-C(13)-C(17) -95.07(13) 
B(1)-O(2)-C(13)-C(12) 24.11(14) 
O(1)-C(12)-C(13)-O(2) -29.49(13) 
C(15)-C(12)-C(13)-O(2) -147.90(12) 
C(14)-C(12)-C(13)-O(2) 83.96(14) 
O(1)-C(12)-C(13)-C(16) -147.16(12) 
C(15)-C(12)-C(13)-C(16) 94.43(16) 
C(14)-C(12)-C(13)-C(16) -33.72(19) 
O(1)-C(12)-C(13)-C(17) 85.49(14) 
C(15)-C(12)-C(13)-C(17) -32.93(18) 
C(14)-C(12)-C(13)-C(17) -161.07(13) 
C(2)-C(1)-C(18)-C(19) 179.09(11) 
C(22)-C(1)-C(18)-C(19) -60.72(15) 
B(1)-C(1)-C(18)-C(19) 61.45(15) 
C(20)-O(3)-C(19)-O(4) 0.6(2) 
C(20)-O(3)-C(19)-C(18) 177.69(13) 
C(1)-C(18)-C(19)-O(4) -32.14(18) 
C(1)-C(18)-C(19)-O(3) 150.81(12) 
C(19)-O(3)-C(20)-C(21) -151.11(15) 
________________________________________________________________  
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Chapter 3. Metal-Free Catalytic CSi Bond 
Formation in an Aqueous Medium and CB Bond 
Formation in a Protic Medium. Enantioselective 
NHC-Catalyzed Silyl and Boryl Conjugate 
Additions to Cyclic and Acyclic -Unsaturated 
Carbonyls 
3.1. Introduction. In 2009, our 
group published a report in which 
unsaturated, achiral N-
heterocyclic carbenes (NHCs), in 
the absence of a metal salt, were 
capable of activating 
bis(pinacolato)diboron (B2(pin)2, 
3.1) and catalyzing efficient, non-enantioselective, boronate conjugate additions to -
unsaturated carbonyls (Scheme 3.1).76 A set of organic reactions that complements NHC-
catalyzed boronate conjugate additions is the corresponding silyl conjugate additions. We 
                                                            
(76) For our initial disclosure on metal-free boronate conjugate additions, see: (a) Lee, K-s.; Zhugralin, A. 
R.; Hoveyda, A. H. J. Am. Chem. Soc. 2009, 131, 72537255 and (b) erratum for 11B NMR of 
NHC•B2(pin)2 complex: Lee, K-s.; Zhugralin, A. R.; Hoveyda, A. H. J. Am. Chem. Soc. 2010, 132, 12766. 
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reasoned that the use of commercially available (dimethylphenyl)silyl pinacolato boronic 
ester (Me2PhSiB(pin), 3.6) would be an ideal reagent for NHC-catalyzed silyl conjugate 
additions and control experiments in the absence of a metal salt indicated that it was 
possible (Scheme 3.2).77 Methods for CSi bond forming processes for chemical 
synthesis are extremely valuable,78 however, our interest in pursuing development of a 
method for NHC-catalyzed silyl conjugate addition79 was mainly focused on determining 
whether silylboronate 3.6 could: (1) be activated by an NHC (e.g. 3.7), (2) cause selective 
transfer of the PhMe2Si group to -unsaturated substrates 3.A (vs B addition), and (3) 
furnish the 1,4-addition -silyl products 3.B chemoselectively (Scheme 3.2). Finally, our 
goal was to determine whether this process could proceed with a chiral NHC to render 
the metal-free catalytic processes enantioselective.80  
                                                            
(77) For a review on the utility of silylborane reagents in chemical synthesis, see: Ohmura, T.; Suginome, 
M. Bull. Chem. Soc. Jpn. 2009, 82, 2949. 
(78) For reviews on the use of organosilanes in organic synthesis, see: (a) Chan, T. H.; Wang, D. Chem. 
Rev. 1992, 92, 9951006. (b) Jones, G. R.; Landais, Y. Tetrahedron 1996, 52, 75997662. (c) Fleming, I.; 
Barbero, A.; Walter, D. Chem. Rev. 1997, 97, 20632192. (d) Suginome, M.; Ito, Y. Chem. Rev. 2000, 100, 
32213256. For a review on the utility of β-silylcarbonyls, see: (e) Fleming, I. in Science of Synthesis; 
Fleming, I., Ed.; Thieme: Stuttgart, Germany, 2002; Vol. 4, p 927. For more recent studies involving the 
use of β-silylcarbonyls in chemical synthesis, see: (f) Tietze, L. F.; Tölle, N.; Kratzert, D.; Stalke, D. Org. 
Lett. 2009, 11, 52305230. For a review on the significance of enantioselective Si and B conjugate 
additions, see: (g) Hartmann, E.; Vyas, D. J.; Oestreich, M. Chem. Commun. 2011, 47, 79177932. For 
representative reviews on NHC-catalyzed processes in chemical synthesis, see: (h) Enders, D.; 
Balensfiefer, T. Acc. Chem. Res. 2004, 37, 534541. (i) Enders, D.; Niemeirer, O.; Henseler, A. Chem. Rev. 
2007, 107, 56065655. 
(79) For an NHCCu-catalyzed enantioselective method for silyl conjugate additions to various unsaturated 
ketones and esters, see: (a) Lee, K-s.; Hoveyda, A. H. J. Am. Chem. Soc. 2010, 132, 28982900. For an 
application of the method, see: (b) Harb, H. Y.; Collins, K. D.; Garcia Altur, J. V.; Bowker, S.; Campbell, 
L.; Procter, D. J. Org. Lett. 2010, 12, 54465449. 
(80) For reviews on NHC-catalyzed processes in chemical synthesis, see: (a) Enders, D.; Niemeier, O.; 
Henseler, A. Chem. Rev. 2007, 107, 56065655. (b) Bugaut, Z.; Glorius, F. Chem. Soc. Rev. 2012, 41, 
35113522. For reviews on NHC Synthesis and NHCs as ligands, see: (a) Glorius, F. Top. Organomet. 
Chem. 2007, 21, 120. 
page 223
3.2. The Interaction of Achiral NHCs and PhMe2SiB(pin). In order to test the 
premise that an NHC could activate 3.6, we first probed the ease with which an NHC can 
associate with the boron atom of 3.6. We posited that the NHC might selectively react 
with 3.6 at the more Lewis acidic boronate, to activate the BSi bond towards silyl 
conjugate addition (see 3.7, Scheme 3.2). Initial 11B NMR studies with 3.6 and 3.10 
revealed that upon treating 3.6 with one equivalent of 3.10 and NaOt-Bu, three new 
signals were observed: at δ 4.02 ppm, 2.16 ppm, and -2.09 ppm (the signal for 3.6, a 
broadened singlet, appears at δ 33.38 ppm, BF3•OEt2 in d8-thf as the external standard). 
The signal at -2.09 ppm can be assigned to the BF4
- counterion, however the two more 
downfield signals at δ 4.02 ppm and 2.16 ppm were difficult to assign to the expected 
NHC3.6 adduct (e.g. 3.7), since we were anticipating only one upfield signal 
corresponding to an sp3 hybridized boron. We hypothesized that one of the two signals 
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corresponding to an sp3 hybridized boron atom resulted from tert-butoxide complexation 
with boron; thus, we set out to establish whether an organic amine might be used to 
generate the requisite NHC instead of a nucleophilic alkoxide.79a,81  
Such considerations led us to determine that, as shown in Scheme 3.3, treatment 
of commercially available imidazolinium chloride salt 3.13 with 1.05 equiv of 1,8-
diazabicycloundec-7-ene (dbu, 3.12) followed by the addition of 3.6 leads to complete 
consumption of 3.6 within 5 min. The adduct 3.14 was confirmed by the appearance of a 
solitary new signal at δ 8.02 
ppm in the 11B NMR spectrum 
involving an sp3-hybridized 
boron atom. Similar to the 
reaction of 3.10 with 3.1,76b a significant upfield shift is likely due to the reorganization 
of the electronic environment surrounding the boron atom, caused by the conversion of 
the sp2-hybridized boron atom in 3.6 to one that is sp3-hybridized in 3.14.82 The new 
signal was not due to association of 3.12 with 3.6: treatment of 3.6 with 3.12, under 
otherwise identical conditions, does not lead to a new entity by 11B NMR analysis. With 
this knowledge in hand, we set out to determine whether this complex could facilitate 
silicon transfer, with the eventual goal of enantioselective silicon transfer through the use 
of a chiral carbene. 
                                                            
(81) Alkoxide bases are necessary for formation of the active complex in Cu-catalyzed reactions, since a 
copper alkoxide is a precursor to the active metal-based nucleophile. Often times, NaOt-Bu and NaOMe 
contain varying amounts of NaOH, the alkoxide salts can be purified by sublimation away from the NaOH 
(see Chapter 2 for details). 
(82) For an in-depth analysis of the concept of Lewis base activation and its use in chemical synthesis, see: 
Denmark, S. E.; Beutner, G. L. Angew. Chem., Int. Ed. 2008, 47, 15601638. 
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3.3. Discovery of an NHC-Catalyzed Silyl Conjugate Addition. Serendipity has 
contributed to the discovery of several new reactions83 and data from control experiments 
in NHCCu-catalyzed silicon addition79a suggested that silicon conjugate addition to 
cyclohexenone was feasible without the use of a copper salt (vide supra, Scheme 3.2). 
The work-up procedure 
employed in these control 
experiments was designed to 
quench the carbene after 
silicon addition had already 
taken place; however, when 
water was added to quench the 
reaction, an unexpected 
exotherm was observed. To 
determine the source of this 
exotherm, two experiments were performed in parallel with 5.5 mol % 3.10 and acyclic 
substrate 3.15: one contained 1.2 equivalents of an organic protic additive, MeOH, and 
one was performed without methanol present (Scheme 3.3 and Chart 3.1). Following the 
progress of silylation by 1H NMR shed light on the necessity of methanol as an additive 
for NHC-catalyzed silyl conjugate addition. As is indicated in Chart 3.1, the experiment 
that contained 1.2 equivalents of methanol proceeded to 46% conversion in two hours, to 
69% conversion in 18 hours, and to 73% conversion in 70 hours without any observable 
                                                            
(83) R. M. Roberts, Serendipity: Accidental Discoveries in Science (Wiley, New York, 1989). 
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CB bond formation (<2% boryl conjugate addition). Silylation in the absence of 
methanol as an additive, however, did not proceed beyond 5% conversion within the 
same time frame.  
After seventy hours, water was added and both reactions proceeded to react even 
further: the silyl conjugate addition with methanol present continued to 79% conversion 
(an additional 6% conv in 2 h), and 
silyl conjugate addition without a 
protic additive achieved 39% 
conversion (an additional 34% conv 
in 2 h). These data caused us to 
question the role of NHC in this 
process,84 so an experiment was 
performed with a chiral NHC (C1-symmetric 3.17) to test whether the NHC was involved 
in silylation. If the -silyl ketone 3.9 isolated was racemic, we gained no new insight into 
the catalytic process; however, if it was enantiomerically enriched, the carbene must be 
involved in the catalytic cycle, since it is the only source of chirality under the reaction 
conditions. The results of this study are summarized in Scheme 3.5. In the absence of 
methanol additive and aqueous quench, silylation of cyclohexenone did not ensue; 
however, if 1.2 equivalents of methanol were added, the reaction proceeded to 41% 
                                                            
(84) The appropriate control experiments had been performed by this time: 3.8 did not react if 
imidazolinium salt or NaOt-Bu is not present, even with water quench. If 5 mol% CuCl was used with no 
imidazolinium salt, there is <5% conversion of 3.8 to 3.9. When no imidazolinium salt is used, but 2.5 mol 
% NaOt-Bu is present, there was >98% conversion of 3.8 to 3.9 is achieved in 1 h, however 3.9 was 
isolated only in 26% yield. Water was degassed and distilled prior to use, although DI water was found to 
be suitable for the transformation as well. 
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conversion within six hours, and 3.9 was isolated in 92:8 er. In the absence of methanol, 
with the addition of water after six hours, 3.9 was isolated in 85% yield and 85:15 er. In 
the presence of methanol as an additive followed by an aqueous quench, 3.9 was isolated 
in >98% yield and 91:9 er. These data clearly indicated that the NHC must be involved in 
the stereodetermining step of the catalytic cycle, otherwise 3.9 could not be isolated with 
high enantioenrichment. We reasoned that the presence of a polar additive may facilitate 
the formation and reactivity of polar intermediates formed during the catalytic cycle (e.g. 
3.7). 
3.3a. Optimization of the Solvent Medium with Achiral, Saturated NHCs. With 
the information in hand that the NHC is intimately involved in the silylating process, we 
next assessed the ability of the carbene derived from achiral imidazolinium salt 3.11 to 
promote silyl conjugate addition to cyclohexenone (Table 3.1). This particular NHC 
precursor was chosen for screening of silylation conditions based on its structural 
similarity to the chiral variants developed in our laboratories,.85 As illustrated in entry 1 
of Table 3.1, with 5.0 mol % 3.11 and 15 mol % 3.12, a minimal amount of the desired β-
silyl carbonyl 3.9 was generated (<10%). In light of our studies with polar protic 
additives, the effect of methanol on the reaction was examined. The presence of the 
alcohol additive resulted in a more efficient silyl conjugate addition (2234% in 3 h, 
entries 23, Table 3.1). Encouraged by the positive effects of methanol, we examined the 
influence of water on silylation. We found that when the silyl conjugate addition was 
                                                            
(85) For examples, see: (a) Van Veldhuizen, J. J.; Campbell, J. E.; Giudici, R. E.; Hoveyda, A. H. J. Am. 
Chem. Soc. 2005, 127, 68776882. (b) Larsen, A. O.; Leu, W.; Oberhuber, C. N.; Campbell, J. E.; 
Hoveyda, A. H. J. Am. Chem. Soc. 2004, 126, 1113011131. (c) Brown, K. M.; May, T. L.; Baxter, C. A.; 
Hoveyda, A. H. Angew. Chem., Int. Ed., 2007, 46, 10971100. 
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performed in a 1:1 
mixture of thf and 
water, there was 95% 
conversion to 3.9 within 
three hours at 22 °C 
(entry 4, Table 3.1). If 
pure water was used 
with 3.11 as the catalyst 
precursor, silyl 
conjugate addition was 
complete in three hours (>98% conv, entry 5).86 In the absence of 3.11, under otherwise 
identical conditions to entry 4, there was <2% conversion to 3.9. As the data in entry 6 of 
Table 3.1 suggest, the addition of methanol to the aqueous solution did not improve 
efficiency (vs entry 3). Phosphines were generally less effective catalysts for silyl 
conjugate addition: 10 mol % of PPh3 or O=PPh3 did not catalyze silyl conjugate 
addition, even after twelve hours. Interestingly, 10 mol % PCy3 was capable of catalyzing 
silyl conjugate addition: silylation proceeded to 30% conversion in the aqueous 
conditions within twelve hours (entries 710, Table 3.1). 
                                                            
(86) Control experiments indicate that the more facile β-silylketone formation is not due to involvement of 
the corresponding silyl hydride that might be generated through reaction of 3.6 with water in thf/H2O 
solvents. 
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3.3b. Optimization of the Solvent Medium with Chiral, Saturated NHCs. We 
also engaged in a brief optimization of solvent conditions with chiral NHCs 3.17 and 
3.18. As illustrated in Scheme 3.6, there was an undetectable amount of silylation in the 
absence of NHC in the basic aqueous conditions. The data show that, under these 
conditions, 3.12 did not facilitate background silylation, and therefore a slight excess of 
3.12 could be used to ensure complete deprotonation of the carbene. When 
enantioselective silyl conjugate addition was executed in thf with 20 equivalents of 
methanol as an additive, the reaction was complete after 15 hours with C1-symmetric 
3.17 (conditions 3.C, Scheme 3.6). Furthermore, if water was used in 1:1 mixture with thf 
in the presence of methanol, the reaction was complete in three hours and was still highly 
enantioselective (conditions 3.D, 82:18 er). This suggested that a mixture of water and thf 
as a solvent for silyl conjugate addition with the chiral carbene was critical for optimal 
levels of efficiency. Thus, we probed the effect of changing the ratio of water and thf for 
silyl conjugate addition with chiral C2-symmetric carbene precursor 3.18. As shown in 
conditions 3.E-3.H of Scheme 3.6, under homogenous reaction conditions (3.E), 
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silylation of 3.8 proceeded to 82% conv (86:14 er). When pure water with methanol 
additive was used (3.F), efficiency and enantioselectivity was diminished (42% conv, 
79:21 er). If a 1:1 mixture of thf and water was used with no methanol added (3.G) the 
enantioselectivity increased (96:4 er) and conversion was good (62% conv). Finally, 
when a 3:1 mixture of water and thf was used, both enantioselectivity and efficiency of 
silyl conjugate addition were high (>98% conv, 98:2 er).  
3.4. Chiral Catalyst Screening. With optimal solvent conditions for effective and 
enantioselective silyl conjugate addition determined, we focused on identifying an 
effective chiral carbene for enantioselective silylation. Cyclohexenone 3.8 continued to 
serve as the model substrate; transformations were performed at 22 °C in a solution that 
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was largely an aqueous environment (3:1 H2O/thf)
87 and were analyzed after three hours 
(Scheme 3.7). Imidazolinium salt 3.19, used as a bidentate ligand in various metal-
catalyzed enantioselective transformations,85 promoted CSi bond formation with 
moderate efficiency, but 3.9 was isolated with negligible enantioenrichment. Increasing 
the size of the symmetrical NAr moiety of the NHC (e.g. 3.173.223.24) lead to 
reduction of both efficiency and enantioselectivity. When C2-symmetric imidazolinium 
salt 3.25 was used, however, lower conversion to product was observed, but high 
enantioselectivity was maintained (compared to 3.17). Further catalyst screening led us to 
find that an m-Me unit on the C2-symmetric NHC’s NAr moieties furnished β-silyl 
ketone 3.9 efficiently (>98% conv) and with exceptional enantioselectivity (98:2 er). The 
low selectivity observed with C1-symmetric 3.20 reaffirms the significance of the C2-
symmetric structure of the optimal 3.18 for silylation.  
3.5. Scope of Enantioselective Silyl Conjugate Addition. With optimized reaction 
conditions, enantioselective silylations of a variety of cyclic and acyclic -unsaturated 
substrates were performed in the presence of 3.6 and promoted by 5.0-12.5 mol % of an 
NHC catalyst derived from 3.18. The metal-free method for conjugate addition 
complements the related metal catalyzed variants79,88,89 and represents the first example 
of a CSi bond forming reaction that does not require an organometallic catalyst.  
                                                            
(87) Optimization studies indicated that use of 3:1 H2O/thf, versus an equal mixture, as used in the studies 
summarized in Scheme 3.6, affords improved efficiency and enantioselectivity. For example, reaction in 
100% water results in 96% conversion but affords 3.9 in 75:25 er in the presence of the NHC catalyst 
derived from 3.17. Solutions appear as emulsions while stirring continues but become biphasic while 
standing. 
(88) Various non-enantioselective methods that involve metal-based catalysts and afford β-silylcarbonyls 
have been disclosed. For examples of conjugate silyl additions: (a) Lipshutz, B. H.; Sclafani, J. A.; 
Takanami, T. J. Am. Chem. Soc. 1998, 120, 40214022. (b) Auer, G.; Weiner, B.; Oestreich, M. Synthesis 
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One advantage for the use of the NHC-catalyzed process for silyl conjugate 
additions is the practicality of the method: silylations are performed at ambient 
temperature, in a 3:1 mixture of water and thf, and 3.12 (which is more robust than metal 
alkoxides) was used as base to form the active catalyst in situ.90 In addition, the silyl 
conjugate addition can be carried out on the bench-top, under N2-atmosphere with 
purified reagents.91 With the substrates screened, the desired β-silyl carbonyls were 
isolated in up to >98% yield and >98:2 er. Cyclic enones, including cyclopentenones as 
well as seven- and eight-membered ring unsaturated cyclic ketones, undergo 
enantioselective silyl conjugate addtion to afford β-silyl ketones in 50% to >98% yield 
and in 90:10 to >98:2 er (Table 3.2). There was complete consumption of the enone in the 
transformations shown in entries 1-4 (Table 3.2) within three hours; however, silyl 
additions that provided sterically encumbered gem-dimethyl cyclopentanone 3.29 and 
bicyclic cycloheptenone 3.30 proceeded with lower efficiency (83% and 60% conv in 3 
                                                                                                                                                                                 
2006, 21132116. For conjugate disilane additions: (c) Tamao, K.; Okazaki, S.; Kumada, M. J. 
Organomet. Chem. 1978, 146, 8793. (d) Ito, H.; Ishizuka, T.; Tateiwa, J.-i.; Sonoda, M.; Hosomi, A. J. 
Am. Chem. Soc. 1998, 120, 1119611197. (e) Ogoshi, S.; Tomiyasu, S.; Morita, M.; Kurosawa, H. J. Am. 
Chem. Soc. 2002, 124, 1159811599. (f) Clark, C. T.; Lake, J. F.; Scheidt, K. A. J. Am. Chem. Soc. 2004, 
126, 8485. 
(89) For catalytic enantioselective silyl conjugate addition methods with metal-containing catalysts, see: (a) 
Hayashi, T.; Matsumoto, Y.; Ito, Y. J. Am. Chem. Soc. 1988, 110, 55795581. (b) Matsumoto, Y.; Hayashi, 
T.; Ito, Y. Tetrahedron 1994, 50, 335-346. (c) Walter, C.; Auer, G.; Oestreich, M. Angew. Chem., Int. Ed. 
2006, 45, 56755677. (d) Walter, C.; Oestreich, M. Angew. Chem., Int. Ed. 2008, 47, 38183820. (e) 
Walter, C.; Fröhlich, R.; Oestreich, M. Tetrahedron 2009, 65, 55135520. (f) Ibrahem, I.; Santoro, S.; 
Himo, F.; Córdova, A. Adv. Synth. Catal. 2011, 353, 245252. The last four studies involve the use of 3.6 
as a reagent. 
(90) For examples of NHC-catalyzed reactions performed in the presence of water, see: (a) Sohn, S. S.; 
Bode, J. W. Angew. Chem., Int. Ed. 2006, 45, 60216024. (b) He, M.; Beahm, B. J.; Bode, J. W. Org. Lett. 
2008, 10, 38173820. (c) Vora, H. U.; Rovis, T. J. Am. Chem. Soc. 2010, 132, 28602861. For studies 
regarding the stability of NHCs in water, see: (d) Amyes, T. L.; Diver, S. T.; Richard, J. P.; Rivas, F. M.; 
Toth, K. J. Am. Chem. Soc. 2004, 126, 43664374. 
(91) NHCs can react with O2 to form the corresponding urea, see: Bonnette, F.; Kato, T.; Destarac, M.; 
Mignami, G.; Cossío, F. P.; Baceiredo, A. Angew. Chemie Int. Ed. 2007, 46, 86328635. Processes 
involving the use of NHCs can be sensitive to oxygen: Chaing, P-C.; Bode, J. W. Org Lett. 2011, 13, 
24222425. 
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h, respectively). Increasing the reaction time did not result in further conversion, which 
suggested that the NHC catalyst was undergoing competitive decomposition.92 As the 
data in entry 7 of Table 3.2 indicate, unsaturated cyclic esters could be used as substrates 
for enantioselective silyl conjugate addition to access β-silyl lactones (3.31 in 71% yield 
and 85:15 er); as was observed previously, additions to form lactones are generally less 
efficient and enantioselective than with the corresponding cyclic enones due to 
diminished electrophilicity of the starting cyclic ester (compare entries 2 and 7, Table 
3.2).79a Acyclic -unsaturated 
ketones were effective substrates 
for NHC-catalyzed silyl 
conjugate addition (Scheme 3.8); 
however, silylation was sluggish 
compared to cyclic analogues 
and required slightly higher 
catalyst loadings to achieve 
complete conversion of the -
unsaturated precursors.93 
Formation of β-silyl methyl ketones bearing an aryl substituent (3.343.36) were 
                                                            
(92) Mechanistic studies indicate that NHCs undergo decomposition under the reaction conditions and the 
resulting products promote non-selective conjugate additions albeit at a slower rate (vs NHC-catalyzed), 
see Chapter 4 for more details. 
(93) The reason for the higher catalyst loadings might partly be because, with slower conjugate additions, 
decomposition of the imidazolinium salt/NHC through reaction with water becomes more competitive. 
Initial mechanistic studies indicate that the derived products promote reactions with little or no 
enantioselectivity. For detailed studies on hydrolysis of imidazolium salts, see: Hollóczki, O.; Terleczky, 
P.; Szieberth, D.; Mourgas, G.; Gudat, D.; Nyulászi, L. J. Am. Chem. Soc. 2011, 133, 780789. 
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relatively more facile and enantioselective than those with an alkyl substituent (3.40 and 
3.41). NHC-catalyzed silyl conjugate addition to chalcone (furnishing 3.38) and -silyl 
acyclic ester 3.39 was highly enantioselective but less efficient than the corresponding 
methyl ketones. We observed diminished efficiency and substantially lower 
enantioselectivity with the Z-isomer of the disubstituted substrates: when Z-3.32 is used, 
the product (S)-3.33 is nearly racemic (54:46 vs 94:6 er). Considering that cyclic β-silyl 
ketones are obtained in high enantiomeric purity (entries 1-4, Table 3.2), the 
aforementioned difference in selectivity was not expected. Furthermore, in contrast to 
substrates bearing a phenyl or an electron-rich p-methoxyphenyl substituent (e.g. 3.33, 
3.35 and 3.36), there is <2% conversion to 3.37, which contains the electron-deficient p-
trifluoromethylphenyl moiety. The above trend may contribute to understanding the 
mechanism of the silylation and is discussed in Chapter 4. A noteworthy class of NHC-
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catalyzed silyl conjugate addition involved -unsaturated aldehydes as substrates.8f In 
Scheme 3.9, three examples of silylation to -unsaturated enals are shown. β-Silyl 
aldehydes were formed with similarly high levels of enantiomeric purity as was observed 
with acyclic ketones. What renders the transformations in Scheme 3.9 intriguing is that 
unsaturated aldehydes have been studied extensively for their use in NHC-catalyzed 
coupling reactions, which are known to proceed though Breslow-type intermediates,94 
generated by the addition of the carbene to the unhindered carbonyl followed by 
umpulong reactivity of the enamine intermediate. The fact that silyl conjugate addition 
products (3.433.45) were isolated in 6685% yields implies that the silylboronate 
reagent effectively competes with the aldehyde for association with the NHC. Initial 
studies indicated that NHC-catalyzed silyl 1,2-additions (vs 1,4-) to aldehydes are 
feasible;95 thus, the transformations shown in Scheme 3.9 illustrate chemoselectivity in 
favor of 1,4-addition over 1,2-addition. The NHC-catalyzed silyl conjugate additions 
with unsaturated aldehydes required higher catalyst loadings compared with methyl 
ketones (compare 3.32 vs 3.43), but the metal-free protocol offers a complementary 
catalytic approach to the silyl conjugate addition promoted by chiral metal-based 
complexes, where the more costly Pd or Rh salts might be needed.84a-e  
                                                            
(94) For the use of thiazolium carbenes for chemical synthesis, and the discovery of a Breslow intermediate 
pathway see: (a) Breslow, R. J. Am. Chem. Soc. 1958, 80, 37193726. (b) Stetter, H. Angew. Chem., Int. 
Ed. Engl. 1976, 15, 639712. For recent applications of catalysts that likely proceed through Breslow-type 
intermediates, see: (c) Jiang, H.; Gschwend, B.; Albrecht, L.; Jørgensen, K. A. Org. Lett. 2010, 12, 
50525055 and references cited therein. 
(95) For example, treatment of benzaldehyde with 5.0 mol % 3.11 and 15 mol % 3.12 and 1.1 equiv of 1 
(3:1 H2O/thf, 22 °C, 12 h) leads to the formation of the corresponding silylcarbinol (73% conv by 
1H NMR 
analysis). 
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In the case of the NHCCu-catalyzed variant of silyl conjugate addition, acyclic, 
alkyl-substituted substrates are isolated in higher enantioselectivities, and electron-
deficient β-silyl ketone 3.37 (Scheme 3.8) can be accessed. On the other hand, the NHC-
catalyzed transformations are more attractive as there is no need for the use of an air- and 
moisture-sensitive Cu salt (CuCl), and 3.12 can be employed as a base for deprotonation 
instead of metal alkoxides. The above factors and the availability of the requisite chiral 
imidazolinium salt, which can be prepared by a three-step operation, together with the 
demonstrated utility of β-silyl carbonyls,79,96 render the present strategy of value for 
organic synthesis. The enantioselectivities observed indicate that an NHC catalyst is 
intimately involved in the formation of the CSi bond by activation of the silylboronate 
reagent. Design and development of catalytic reactions that involve NHC-activation of 
other B-based reagents are thus feasible, including enantioselective boronate conjugate 
addition using the corresponding B2(pin)2 as a reagent. 
                                                            
(96) Enantiomerically enriched β-silylcarbonyls have been prepared by methods other than silyl conjugate 
additions. For catalytic enantioselective conjugate hydride additions to trisubstituted Si-substituted enones: 
(a) Lipshutz, B. H.; Tanaka, N.; Taft, B. R.; Lee, C.-T. Org. Lett. 2006, 8, 19631966. For catalytic 
conjugate additions of alkyl, aryl, or vinyl groups, respectively, to silyl-substituted enones: (b) Shintani, R.; 
Okamoto, K.; Hayashi, T. Org. Lett. 2005, 7, 47574759. (c) Balskus, E. P.; Jacobsen, E. N. J. Am. Chem. 
Soc. 2006, 128, 68106812. (d) Kacprzynski, M. A.; Kazane, S. A.; May, T. L.; Hoveyda, A. H. Org. Lett. 
2007, 9, 31873190. (e) Shintani, R.; Ichikawa, Y.; Hayashi, T.; Chen, J.; Nakao, Y.; Hiyama, T. Org. Lett. 
2007, 9, 46434645. 
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3.6. Metal-free Boryl Conjugate Addition. Based on the successes of 
enantioselective NHC-catalyzed silyl conjugate addition, we decided to explore the 
development of a 
method for a catalytic 
and enantioselective 
metal-free boryl 
conjugate additions.97 
We first set out to 
establish that we 
could activate 
B2(pin)2, 3.1, with a chiral carbene. In an erratum that we published in 2010 following 
our 2009 publication, we showed that a NHC3.1 complex was readily formed in the 
presence of achiral 3.10 and NaOt-Bu according to 11B NMR analysis. We observed a 
very broad peak at  36.6 ppm and an upfield signal at 1.8 ppm in d8-thf, which we 
assigned to the sp2 and sp3-hybridized boron atoms of 3.47, respectively (11B NMR signal 
for 3.1 occurs at  30.10 ppm, Scheme 3.10). Two other small peaks were observable at 
7.5 ppm and 4.9 ppm at 5 °C which we did not assign at the time. This year, Marder and 
                                                            
(97) For examples of -boronate conjugate addition used in natural product synthesis, see: (a) Chea, H.; 
Sim, H-S.; Yun, J. Adv. Synth. Catal. 2009, 351, 855-858. (b) Marcus, A. P.; Sarpong, R. Org. Lett. 2010, 
12, 45604563. For representative examples of state-of-the-art metal-catalyzed boronate conjugate addition 
chemistrysee: (c) Lee, J-E.; Yun, J. Angew. Chemie., Int. Ed. 2008, 47, 145147. (d) Sim, H.-S.; Feng, X.; 
Yun, J. Chem. Eur. J. 2009, 15, 19391943. (e) Feng, X. Yun, J. Chem. Commun. 2009, 65776579. (f) 
Chen, I.-H.; Yin, L.; Itano, W.; Kanai, M.; Shibasaki, M. J. Am. Chem. Soc. 2009, 131, 1166411665. (g) 
O’Brien, J.; Lee, K.-s.; Hoveyda, A. H. 2010, 132, 1063010633. (h) Feng, X.; Yun, J. Chem. Eur. J. 2010, 
16, 1360913612. (g) Chen, I.-H.; Kanai, M.; Shibasaki, M. Org. Lett. 2010, 12, 40984101. (i) Park, J. 
K.; Lackey, H. H.; Rexford, M. D.; Kovnir, K.; Shatruk, M.; McQuade, D. T. Org. Lett. 2010, 12, 
50085011. (j) Moure, A. L.; Arrayás, R. G.; Carretero, J. C. K.; Chem. Commun. 2011, 47, 67016703. 
(k) Lee, J. C. H.; McDonald, R.; Hall, D. G. Nature Chem. 2011, 3, 894899. 
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co-workers published the first X-ray crystal structure of an NHC3.1 complex.98 
Interestingly, when they dissolved the pure crystal in d8-thf, they also observed multiple 
peaks by 11B NMR; two of these peaks they assigned to be decomposition products, 
including bis(pinacolato)boronium 3.46, which was identified as producing a signal at  
8.6 ppm. However, when the chiral C1-symmetric imidazolinium salt 3.24 was mixed 
with six equivalents of 3.12 in d8-thf, a single upfield signal occurred at  12.2 ppm, 
indicative of an sp3-hydridized boron atom. This was not due to complexation of 3.1 with 
the amine base: when 3.12 was combined with 3.46 in d8-thf, there was no observed new 
signal. 
3.7. Methanol as Co-solvent for Enantioselective Boron Conjugate Additions. 
Initial screening with chiral catalyst 3.18 under the optimized conditions reported in our 
original disclosure76 provided -boryl carbonyl products 3.I in low yields (Scheme 3.11, 
entry 1). Preliminary 
optimizations of the 
solvent conditions showed 
that high conversion to -
boryl products could be 
accessed if methanol was 
used as a co-solvent, and 
acyclic ketone 3.32 was 
chosen as the substrate for solvent optimization. If 20 equivalents of methanol was used 
                                                            
(98) Kleeberg, C.; Crawford, A. G.; Batasnov, A. S.; Hodgkinson, P.; Apperley, D. C.; Cheung, M. S.; Lin, 
Z.; Marder, T. B. J. Org. Chem. 2012,  77, 785789. 
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as an additive, 24% conversion to 3.34 was achieved in 14 h, and 3.34 was isolated with 
moderate enantioselectivity (86.5:13.5 er, entry 2). If 10 mol % of more user-friendly 
base 3.12 was used instead of NaOt-Bu, the conversion improved (31% conv), and if an 
excess of 3.12 was used (20 mol %), 47% conversion to 3.34 was accomplished with 
improved enantioselectivity (92:8 er, entry 4). Finally, when 60 equivalents of methanol 
was used as a co-solvent (approximately 1:3 thf:MeOH), the enantioselective boryl 
conjugate addition proceeded to 92% conversion in 14 h and enantioselectivity remained 
high (92:8 er, entry 5). 
We then turned to a careful screening of various C1- and C2-symmetric NHC 
precursors for enantioselective boryl conjugate additions, as shown in Scheme 3.12. Use 
of the smaller C1-symmetric NHC 3.17 resulted in low conversion to 3.34 and negligible  
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enantioselectivity (54:46 er). Increasing the sterics on the biphenyl ring of the NHC (e.g. 
3.50) showed a marked increase in efficiency of boryl conjugate addition as well as 
enantioselectivity (30% conv, 94:6 er). Removing one of the phenyl groups from the 
NHC backbone only resulted in a diminishment of enantioselectivity (compare 3.22 and 
3.49, 86:14 er and 69:31 er respectively). C2-symmetric 3.51 proved to be inefficient and 
did not offer improved enantioselectivity (35% conv, 82:18 er). Boryl conjugate additions 
with the carbene derived from 3.24, substituted at the meta-position of the biaryl group, 
proved to be the most efficient and enantioselective for the borylation of 3.32 (81% conv, 
95:5 er). Using the information gleaned during the catalyst screen, we then moved 
forward with exploration of the substrate scope using C1-symmetric NHC precursor 3.24 
as our optimal catalyst. 
3.8. Versatility of Metal-free Enantioselective Boryl Conjugate Addition. 
Acyclic -unsaturated enones, esters, Weinreb amides, and aldehydes are suitable 
substrates for enantioselective boryl conjugate addition. The method can be applied to a 
wide range of substrates, including those that suffer from diminished electrophilicity, 
such as esters and Weinreb amides. -Unsaturated ketones are optimal substrates, 
proceeding to high conversions in 14 h at room temperature (3.34, 3.513.53). Electron 
rich aryl disubstituted substrates deliver -boryl ketones in 80-93% yield and 94:6 to 96:4 
er. Boronate addition to an electron-deficient p-Br substrate to yield 3.51, however, 
suffers from diminished yield due to a significant amount of proto-deboration that occurs 
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under the reaction conditions.99 Additionally, the 1,4-addition product is the exclusive 
product in NHC-catalyzed addition of B2(pin)2 with -unsaturated aliphatic aldehydes 
(3.54-3.57). Aliphatic -boryl ketones are isolated in 63-72% yield and 91:9-95:5 er.100 
Again, the fact that homocoupling or ester products are not isolated indicates a unique 
mechanism of NHC catalysis for boryl conjugate additions.101 Aromatic aldehydes, 
however, produce a multitude of products and none of the -boryl aldehyde can be 
                                                            
(99) The saturated proto-deboration product is formed from the -boryl ketone product produced from 
reaction with 3.51. When the -boryl ketone is resubjected to the reaction conditions, >98% conv to the 
saturated ketone is observed within 14 h at 22 °C. 
(101) Isolation of these products has not been previously reported. Typically, these products are reacted in 
situ. Additionally, it is noteworthy that Cu-catalyzed methods to form these products give mixtures of 1,2- 
and 1,4-addition. For examples, see: (a) Laitar, D. S.; Tsui, E. Y.; Sadighi, J. P. J. Am. Chem. Soc. 2006, 
128, 1103611037. (b) Bonet, A.; Lillo, V.; Ramírez, J.; Mar Diaz-Requejo, M.; Fernández, E. Org. 
Biomol. Chem. 2009, 7, 15331535. (c) Lillo, V.; Prieto, A.; Bonet, A.; Mar Diaz-Requejo, M.; Ramírez, 
J.; Fernández, E. Organometallics 2009, 28, 659662. 
(102) For examples of typical reaction conditions and observed reactivity with -unsaturated aldehydes, 
see: (a) Bursterin, C.; Glorius, F.; Angew. Chemie. Int. Ed., 2004, 43, 62056208. (b) Sohn, S. S.; Rosen, E. 
L.; Bode, J. W. J. Am. Chem. Soc. 2004, 126, 1437014371. (c) Chan, A.; Scheidt, K. A.; Org. Lett. 2005, 
7, 905908. (d) Sohn, S. S.; Bode, J. W. Org. Lett. 2005, 7, 38733876. 
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isolated. Some of the observed side products are likely due to 
homodimerization/lactonization reactions in the presence of oxygen, or complications 
due to competitive NHC 1,2-addition to form Breslow intermediates.  
-Unsaturated ester substrates 3.583.61 are good substrates for 
enantioselective NHC-catalyzed boryl conjugate addition; products are generally isolated 
in very high enantioselectivities (94:6-98:2 er). Both aliphatic 3.60 and aryl esters are 
good substrates, and boryl conjugate addition to tert-butyl ester 3.61 does not lead to a 
diminishment in enantioselectivity (98:2 er). Weinreb amides are also good substrates for 
enantioselective boryl conjugate addition. Although amides are less reactive substrates, 
-boryl Weinreb amides are isolated in good yield and er with heating (50-66 °C). para-
Bromo Weinreb amide 3.63 required less methanol (30 equiv instead of 60 equiv), due to 
esterification at the carbonyl with higher concentrations of methanol present. Again, 
control experiments indicated that it is the -boryl amide that gets subsequently 
converted to the ester when resubjected to reaction conditions.102 
                                                            
(103) We propose that it is the relative Lewis acidity of the boron atom due to Lewis base activation by the 
amide carbonyl that initiates esterification. For examples, see: (a) Sandrock, D. L.; Jean-Gerard, L.; Chen, 
C.-Y.; Dreher, S. D.; Molander, G. A. J. Am. Chem. Soc. 2010, 132, 1710817110. (b) Ohmura, T.; 
Awano, T.; Suginome, M. J. Am. Chem. Soc. 2010, 132, 1319113193. 
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Enantioselective borylation of cyclic enones, however, proved more difficult. 
Often, competing background reaction of the relatively strained substrates was observed 
and cyclic -boryl products were generally isolated with lower enantioenrichment than 
the acyclic products. A brief catalyst screen was performed and 3.73 proved to be the 
optimal catalyst for cyclic substrates (Scheme 3.14). Boryl additions to cyclic lactones 
resulted in isolation of the ring opened product (presumably by a mechanism that 
involves nucleophilic addition of methoxide to the carbonyl of the strained ring). 
However, enantioenriched -boryl lactone products could be synthesized from the -
boryl ester 3.71 followed by acid-catalyzed cyclization (3.71  3.72). The resulting 
lactone 3.72 was isolated in 77% yield over two steps and in 94:6 er. It is noteworthy that 
the -boryl lactone was isolated in this case, and that the boronate was not sensitive to 
proto-deboration in the acidic conditions. 
 Some of the substrates that suffered from diminished yields were improved by 
increasing the quantity of 3.12 added (Scheme 3.15). Unsaturated ketones bearing an 
electron-withdrawing, halogenated aryl group such as 3.743.76 showed improved 
conversion and isolated yield as well as enantioselectivity upon the addition of one 
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equivalent of 3.12 to the reaction mixture. In Chapter 4, we will offer a rationale for 
increased efficiency with excess 3.12. Moreover, study of the mechanism of the metal-
free transformations, including identification of the origins of enantioselectivity, the 
reactivity differences among various substrate classes, and the critical role of water and 
methanol, is discussed in Chapter 4. 
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3.9 Experimental Section: 
General. 1H NMR spectra were recorded on a Varian MR-400 (400 MHz) spectrometer. 
Chemical shifts are reported in ppm from tetramethylsilane with the solvent resonance as 
the internal standard (CDCl3: 7.26 ppm). 
13C NMR spectra were recorded on a Varian 
MR-400 (100 MHz) spectrometer with complete proton decoupling. Chemical shifts are 
reported in ppm from tetramethylsilane with the solvent resonance as the internal 
standard (CDCl3: δ 77.16 ppm). 
11B NMR were recorded on a Varian Unity INOVA 500 
(128 MHz) with BF3•(OEt)2 resonance as the external reference (0.0 ppm in d8-thf). Data 
are reported as follows: chemical shift, integration, multiplicity (s = singlet, d = doublet, t 
= triplet, q = quartet, sep = septet, bs = broad singlet, m = multiplet), and coupling 
constants (Hz). Infrared (IR) spectra were recorded on a Bruker FT-IR Alpha (ATR 
mode) spectrophotometer, νmax in cm
-1. Enantiomer ratios were determined by HPLC 
analysis (Chiral Technologies Chiralpak AS-H (4.6 x 250 mm) Chiral Technologies 
Chiralpak AD-H, 4.6 x 250 mm, Chiral Technologies Chiralcel OD, 4.6 x 250 mm, 
Chiral Techologies Chiralpak AS, 4.6 x 250 mm) in comparison with authentic racemic 
materials. Optical rotations were measured on a Rudolph Research Analytical Autopol IV 
Polarimeter. High-resolution mass spectrometry was performed on a JEOL 
AccuTOFDART (positive mode) at the Mass Spectrometry Facility, Boston College. 
Unless otherwise noted, all reactions were carried out with distilled and degassed 
solvents under an atmosphere of N2. Tetrahydrofuran (thf) was purified by distillation 
from sodium benzophenone ketyl. All work-up and purification procedures were carried 
out in air. All solvents were purchased from Fisher. (Dimethylphenylsilyl)boronic acid 
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pinacol ester [PhMe2SiB(pin), 3.6] was purchased from Aldrich, placed under vacuum, 
purged with N2 and stored under N2 for future use. Cyclic substrates were purchased from 
Aldrich and distilled from CaH2. 2-Cyclooctenone and 8,9-dihydro-5H-benzo[7]annulen- 
5-one were prepared based on a previously reported procedure.104 Acyclic substrates were 
purchased from Aldrich distilled from CaH2. (E)-4-phenylbut-3-en-2-one (3.15) was 
purchased from Aldrich and recrystallized from 9:1 hexanes:CHCl3. (E)-4-methyl-1-
phenylpent-1-en-3-one (enone substrate for 3.36) was prepared according to a previously 
reported procedure and distilled from CaH2.
105 (Z)-4-phenylbut-3-en-2-one was prepared 
according to a previously reported procedure and distilled from CaH2.
106 1,8-
Diazabicyclo[5.4.0]undec-7-ene (dbu) was purchased from Aldrich, distilled from CaH2 
and stored under N2 for future use. Methanol was purchased from Acros and distilled 
from magnesium methoxide. Water was deionized (pH ≈ 6.0). It is imperative that the 
imidazolinium tetrafluoroborate salts are dried prior to use to ensure efficient carbene 
formation. 
Representative Procedure for NHC–Catalyzed Enantioselective Conjugate Silyl 
Additions: A vial (6.0 x 1.0 cm) equipped with a stir bar was charged with 
imidazolinium tetrafluoroborate salt 3.18 (9.6 mg, 0.015 mmol), fitted with a septum and 
purged with N2. Dbu was added to the vial by syringe (6.7 μL, 0.045 mmol), followed by 
3.6 (90 μL, 0.33 mmol), and the mixture was allowed to briefly stir (for five seconds) 
before adding a solution of 2-cyclohexenone (3.8, 29 μL, 0.30 mmol in 0.25 mL thf (1.2 
                                                            
(104) Ito, Y.; Hirao, T.; Saegusa, T. J. Org. Chem. 1978, 43, 1011–1013. 
(105) Gillmore, A.; Lauret, C.; Roberts, S. M. Tetrahedron 2003, 59, 4363–4375. 
(106) Vuagnoux-d'Augustin, M.; Alexakis, A. Eur. J. Org. Chem. 2007, 5852–5860. 
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M)) by syringe, forming a clear orange solution. This was immediately followed by 
addition of water (0.75 mL, 0.4 M). After approximately one minute of stirring, the 
mixture became a light yellow, cloudy emulsion. The reaction vessel was then capped 
with a teflon-lined plastic cap and sealed with teflon tape before allowing to stir for one 
hour at 22 ºC. Pentane (5 mL) was added to the solution (to separate the imidazolinium 
salt from organic layer) and the resulting biphasic solution was allowed to stir for an 
additional 10 minutes; the organic layer was separated, and the aqueous layer was washed 
with diethyl ether (3 x 5 mL). The organic layers were pooled, dried over magnesium 
sulfate, filtered, and concentrated in vacuo. The resulting clear oil was purified by silica 
gel chromatography (5:1 hexanes:Et2O, Rf = 0.3) to yield 68 mg of 
(S)-3-(Dimethyl(phenyl)silyl)-cyclohexanone (3.9) as a colorless oil (0.29 mmol, 97% 
yield). The spectroscopic data match those reported previously.107 1H NMR (400 MHz, 
CDCl3):  7.49-7.38 (2H, m), 7.38-7.35 (3H, m), 2.38-2.21 (3H, m), 2.17-2.06 (2H, m), 
1.83-1.80 (1H, m), 1.72-1.67 (1H, m), 1.42 (1H, ddd, J=25.6, 13.2, 3.6 Hz), 1.33-1.26 
(1H, m), 0.31 (2 x 3H, overlapping s). HRMS (ESI+) Calcd for C14H24NOSi [M + NH4]
+: 
250.1627, found: 250.1622. Optical Rotation: []D
20 –43.6 (c 1.02, CHCl3) for a sample 
with 96:4 er. The absolute configuration was assigned by analogy to 3.26. Enantiomeric 
purity was determined by HPLC analysis with authentic racemic material (98:2 er shown 
below; Chiralpak AS-H column (25 x 0.46 cm), 99.7:0.3 hexanes:i-PrOH, 0.8 mL/min, 
220 nm). 
                                                            
(107) Lee, K-s.; Hoveyda, A. H. J. Am. Chem. Soc. 2010, 132, 2898–2900. 
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 Peak # Ret. Time Area Height Area (%) Peak # Ret. Time Area Height Area (%) 
1 36.982 28655433 266390 48.759 1 37.896 28122008 216003 97.882 
2 41.021 30114294 212811 51.241 2 44.216 608514 7506 2.118 

Proof of Absolute Stereochemistry: The identity of the major enantiomer formed 
for cyclic and acyclic substrates is based on stereochemical determination reported 
previously.107,108,109 The stereochemial assignment for aldehydes is by inference. 
(S)-3-(Dimethyl(phenyl)silyl)cyclopentanone (3.26). The spectroscopic data match 
those reported previously.107 1H NMR (400 MHz, CDCl3):  7.52-7.50 (2H, m), 7.39-7.36 
(3H, m), 2.31-2.19 (2H, m), 2.16-2.06 (2H, m), 1.90 (1H, dd, J=18.4, 12.8 Hz), 1.75 1.63 
(1H, m), 1.60-1.50 (1H, m), 0.34 (2 x 3H, overlapping s). HRMS (ESI+) Calcd for 
C13H22NOSi [M + NH4]
+: 236.1470, found: 236.1475. Optical Rotation: []D
20 –37.4 (c 
2.27, CHCl3) for a sample with 80:20 er. The absolute configuration was assigned by 
comparison with reported data.5 Enantiomeric purity was determined by HPLC analysis 
                                                            
(108) Barbero, A.; Blakemore, D. C.; Fleming, I.; Wesley, R. N. J. Chem. Soc. Perkin Trans. 1 1997, 
1329–1352. 
(109) Kacprzynski, M. A.; Kazane, S. A.; May, T. L.; Hoveyda, A. H. Org. Lett. 2007, 9, 3187–3190. 
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with authentic racemic material (90:10 er shown below; Chiralpak AD-H column (25 x 
0.46 cm), 99.9:0.1 hexanes:i-PrOH, 0.8 mL/min, 220 nm). 
 
         
Peak # Ret. Time Area Area (%) Peak # Ret. Time Area Area (%) 
1 47.05 4347673 50.555 1 43.57 7709954 89.694 
2 55.69 4252289 49.445 2 51.33 885919 10.306 
 
 (S)-3-(Dimethyl(phenyl)silyl)cycloheptanone (3.27). The spectroscopic data match 
those reported previously.107 1H NMR (400 MHz, CDCl3):  7.49-7.46 (2H, m), 7.38-7.34 
(3H, m), 2.60-2.31 (4H, m), 2.02-1.86 (3H, m), 1.52-1.44 (1H, m), 1.34-1.05 (3H, m), 
0.31 (2 x 3H, overlapping s). HRMS (ESI+) Calcd for C15H26NOSi [M + NH4]
+: 
264.1784, found: 264.1789. Optical Rotation: []D
20 –37.4 (c 0.61, CHCl3) for a sample 
with 98:2 er. The absolute configuration was assigned by analogy to 3.26. Enantiomeric 
purity was determined by HPLC analysis with authentic racemic material (98:2 er shown 
below; Chiralpak AS column (25 x 0.46 cm), 99.7:0.3 hexanes:i-PrOH, 1.0 mL/min, 220 
nm). 
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 Peak # Ret. Time Area Height Area (%) Peak # Ret. Time Area Height Area 
(%) 
1 26.455 15545215 261030 49.935 1 24.224 150752862 1334735 97.856 
2 30.031 15585874 216111 50.065 2 30.230 3302709 50159 2.144 
 
(S)-3-(Dimethyl(phenyl)silyl)cyclooctanone (3.28). The spectroscopic data match those 
reported previously.107 1H NMR (400 MHz, CDCl3):  7.52-7.48 (2H, m), 7.40-7.34 (3H, 
m), 2.57-2.50 (1H, m), 2.34-2.19 (3H, m), 1.91-1.80 (2H, m), 1.71-1.52 (3H, m), 1.47- 
1.23 (4H, m), 0.31 (2 x 3H, overlapping s). HRMS (ESI+) Calcd for C16H28NOSi [M + 
NH4]
+: 278.1940, found: 278.1939. Optical Rotation: []D
20 +9.4 (c 1.15, CHCl3) for a 
sample with 97.5:2.5 er. The absolute configuration was assigned by analogy to 3.26. 
Enantiomeric purity was determined by HPLC analysis with authentic racemic material 
(>98:2 er shown below; Chiralpak AS column (25 x 0.46 cm), 99.7:0.3 hexanes:i-PrOH, 
1.0 mL/min, 220 nm). 
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Peak # Ret. Time Area Area (%) Peak # Ret. Time Area Area (%) 
1 23.35 3134357 48.657 1 23.81 31138 1.428 
2 25.85 3307389 51.343 2 25.81 2149091 98.572 
 
 (R)-4-(Dimethyl(phenyl)silyl)-3,3-dimethylcyclopentanone (3.29). The spectroscopic 
data match those reported previously.107 1H NMR (400 MHz, CDCl3):  7.53-7.51 (2 H, 
m), 7.38-7.34 (3 H, m), 2.38-2.23 (2 H, m), 2.06 (2 H, dd, J=30.0, 17.6 Hz), 1.51 (1 H, 
dd, J=12.8, 9.6 Hz), 1.11 (3 H, s), 1.00 (3 H, s), 0.42 (3 H, s), 0.38 (3 H, s). HRMS 
(ESI+) Calcd for C15H23OSi [M + H]
+: 247.1518, found: 247.1530. Optical Rotation: 
[]D
20 –53.2 (c 1.89, CHCl3) for a sample with 95:5 er. The absolute configuration was 
assigned by analogy to 3.26. Enantiomeric purity was determined by HPLC analysis with 
authentic racemic material (95:5 er shown below; Chiracel OD column (25 x 0.46 cm), 
99.9:0.1 hexanes:i-PrOH, 1.0 mL/min, 220 nm). 
 
 
Peak # Ret. Time Area Area (%) Peak # Ret. Time Area Area (%) 
1 28.97 35374220 49.910 1 28.03 37427620 94.677 
2 45.11 35502320 50.090 2 47.17 2104263 5.323 
 
 (S)-7-(Dimethyl(phenyl)silyl)-6,7,8,9-tetrahydro-5H-benzo[7]annulen-5-one (3.30). 
The spectroscopic data match those reported previously.107 1H NMR (400 MHz, CDCl3): 
 7.72 (1H, d, J=6.4 Hz), 7.50-7.49 (2H, m), 7.45 (1H, t, J=6.0 Hz), 7.36-7.29 (4H, m), 
7.15 (1H, d, J=7.6 Hz), 2.96-2.89 (1H, m), 2.87-2.73 (2H, m), 2.52 (1H, dd, J=17.6, 12.8 
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Hz), 1.84-1.78 (2H, m), 1.28-1.20 (1H, m), 0.32 (2 x 3H, overlapping s). HRMS (ESI+) 
Calcd for C19H26NOSi [M + NH4]
+: 312.1784, found: 312.1794. Optical Rotation: []D
20 
–10.3 (c 0.28, CHCl3) for a sample with 90:10 er. The absolute configuration was 
assigned by analogy to 3.26. Enantiomeric purity was determined by HPLC analysis with 
authentic racemic material (90:10 er shown below; Chiralpak AD-H column (25 x 0.46 
cm), 99:1 hexanes:i-PrOH, 0.9 mL/min, 220 nm). 
 
         
Peak # Ret. Time Area Area (%) Peak # Ret. Time Area Area (%) 
1 10.12 1403088 49.898 1 10.13 8284173 89.763 
2 11.52 1408797 50.102 2 11.56 944792 10.237 
 
(S)-4-(Dimethyl(phenyl)silyl)tetrahydro-2H-pyran-2-one (3.31). The spectroscopic 
data match those reported previously.107 1H NMR (400 MHz, CDCl3):  7.51-7.45 (2H, 
m), 7.42-7.36 (3H, m), 4.37-4.33 (1H, m), 4.27-4.23 (1H, m), 2.57 (1H, dd, J=17.2, 5.6 
Hz), 2.26 (1H, dd, J=17.2, 12.8 Hz), 1.88-1.83 (1H, m), 1.70-1.60 (1H, m), 1.44-1.36 
(1H, m), 0.34 (2 x 3H, overlapping s). HRMS (ESI+) Calcd for C13H19O2Si [M + H]
+: 
235.1154, found: 235.1162. Optical Rotation: []D
20 –15.2 (c 0.43, CHCl3) for a sample 
with 85:15 er. The absolute configuration was assigned by analogy to 3.26. Enantiomeric 
purity was determined by HPLC analysis with authentic racemic material (85:15 er 
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shown below; Chiracel OD column (25 x 0.46 cm), 99:1 hexanes:i-PrOH, 1.0 mL/min, 
220 nm). 
 
            
Peak # Ret. Time Area Area (%) Peak # Ret. Time Area Area (%) 
1 66.68 4568411 49.806 1 66.80 27373340 84.552 
2 81.33 4603954 50.194 2 82.81 5001244 15.448 
 
(R)-4-(Dimethyl(phenyl)silyl)-4-phenylbutan-2-one (3.33). The spectroscopic data 
match those reported previously.107 1H NMR (400 MHz, CDCl3):  7.41-7.32 (5H, m), 
7.21-7.17 (2H, m), 7.10-7.06 (1H, m), 6.95-6.92 (2H, m), 2.95-2.86 (2H, m), 2.63 (1H, 
dd, J=23.6, 11.2 Hz), 1.94 (3H, s), 0.24 (3H, s), 0.21 (3H, s). HRMS (ESI+) Calcd for 
C18H26NOSi [M + NH4]
+: 300.1784, found: 300.1775. Optical Rotation: []D
20 +6.3 (c 
1.11, CHCl3) for a sample with 90:10 er. The absolute configuration was assigned by 
comparison with reported data.6 Enantiomeric purity was determined by HPLC analysis 
with authentic racemic material (94:6 er shown below; Chiralcel OD column (25 x 0.46 
cm), 99.9:0.1 hexanes:i-PrOH, 0.8 mL/min, 220 nm). 
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Peak # Ret. Time Area Area (%) Peak # Ret. Time Area Area (%) 
1 36.78 5750609 50.234 1 39.39 663849 6.162 
2 42.78 5697019 49.766 2 43.57 10108630 93.838 
  
(R)-4-(Dimethyl(phenyl)silyl)-4-(4-methoxyphenyl)butan-2-one (3.35). The 
spectroscopic data match those reported previously.107 1H NMR (400 MHz, CDCl3):  
7.41-7.26 (5H, m), 6.85 (2H, d, J=8.8 Hz), 6.74 (2H, d, J=8.8 Hz), 3.76 (3H, s), 
2.882.78 (2H, m), 2.60 (1H, dd, J=26.4, 13.6 Hz), 1.93 (3H, s), 0.23 (3H, s), 0.20 (3H, 
s). HRMS (ESI+) Calcd for C19H28NO2Si [M + NH4]
+: 330.1889, found: 330.1905. 
Optical Rotation: []D
20 –9.3 (c 1.96, CHCl3) for a sample with 95:5 er. The absolute 
configuration was assigned by analogy to 3.33. Enantiomeric purity was determined by 
HPLC analysis with authentic racemic material (95:5 er shown below; Chiralpak AD-H 
column (25 x 0.46 cm), 95:5 hexanes:i-PrOH, 0.4 mL/min, 220 nm). 
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 Peak # Ret. Time Area Area (%) Peak # Ret. Time Area Area (%) 
1 12.08 6410570 49.705 1 12.11 550192 4.857 
2 13.99 6486748 50.295 2 14.04 10776940 95.143 
 
(R)-1-(Dimethyl(phenyl)silyl)-4-methyl-1-phenylpentan-3-one (3.36). The 
spectroscopic data match those reported previously.108 IR (thin film), νmax (cm
-1): 2966 
(m), 1713 (s), 1427 (w), 1249 (w), 1114 (m), 840 (w), 814 (m), 764 (w), 737 (w), 701 (s), 
487 (w), 436 (s), 403 (w). 1H NMR (400 MHz, CDCl3):  7.417.31 (5H, m), 7.197.16 
(2H, m), 7.087.05 (1H, m), 6.95-6.93 (2H, m), 3.002.92 (2H, m), 2.712.63 (1H, m), 
2.44 (1H, sep, J=7.2 Hz), 0.90 (6H, apparent t, J=6.8 Hz), 0.24 (3H, s), 0.21 (3H, s). 13C 
NMR (100 MHz, CDCl3): 213.6, 142.7, 137.0, 134.3, 129.4, 128.2, 127.8, 124.9, 41.2, 
40.7, 30.8, 18.2, 18.1, –3.7, –5.0. HRMS (ESI+) Calcd for C20H30NOSi [M + NH4]
+: 
328.2097, found: 328.2085. Optical Rotation: []D
20 –5.7 (c 2.4, CDCl3) for a sample 
with 96:4 er. The absolute configuration was assigned by analogy to 3.33. Enantiomeric 
purity was determined by HPLC analysis with authentic racemic material (96:4 er shown 
below; Chiralpak AD-H column (25 x 0.46 cm), 99.8:0.2 hexanes:i-PrOH, 0.51 mL/min, 
220 nm). 
 
Peak # Ret. Time Area Area (%) Peak # Ret. Time Area Area (%) 
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1 20.57 1084770 49.769 1 20.43 1008526 3.962 
2 24.66 1094825 50.231 2 23.55 24443680 96.038 
 
(R)-3-(dimethyl(phenyl)silyl)-1,3-diphenylpropan-1-one (3.38). The spectroscopic data 
match those reported previously.110 IR (thin film), νmax (cm
-1): 3059 (w), 3024 (w), 3959 
(w), 2162 (w), 1995 (w), 1687 (s), 1599 (w), 1493 (w), 1449 (w), 1427 (w), 1251 (m), 
1221 (m), 1113 (m), 977 (m), 815 (s), 779 (m), 748 (m), 737 (m), 670 (s), 469 (w), 404 
(w). 1H NMR (400 MHz, CDCl3):  7.80-7.78 (2H, m), 7.52-7.48 (1H, m), 7.46 7.43 (1H, 
m), 7.40-7.32 (6H, m), 7.197.15 (2H, m), 7.087.04 (1H, m), 6.706.99 (2H, m), 3.49 
(1H, dd, J=17.2, 10.0 Hz), 3.21 (1H, dd, J=17.2, 4.4 Hz), 3.11 (1H, dd, J=10.4, 4.4 Hz), 
0.30 (3 H, s), 0.24 (3 H, s). 13C NMR (100 MHz, CDCl3): 199.2, 142.5, 137.3, 137.0, 
134.3, 132.9, 129.4, 128.6, 128.2, 128.1, 127.9, 127.8, 125.0, 39.1, 31.2, –3.7, –5.0. 
HRMS (ESI+) Calcd for C23H28NOSi [M + NH4]
+: 362.1940, found: 362.1939. Optical 
Rotation: []D
20 +30.3 (c 2.13, CDCl3) for a sample with 96.5:3.5 er. The absolute 
configuration was assigned by analogy to 3.33. Enantiomeric purity was determined by 
HPLC analysis with authentic racemic material (95:5 er shown below; Chiralpak AD 
column (25 x 0.46 cm), 99.8:0.2 hexanes:i-PrOH, 0.8 mL/min, 220 nm). 
 
                                                            
(110) Matsumoto, Y.; Hayashi, T.; Ito, Y. Tetrahedron 1994, 50, 335–346. 
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 Peak # Ret. Time Area Area (%) Peak # Ret. Time Area Area (%) 
1 26.04 1992230 50.036 1 25.83 1421610 5.099 
2 42.55 1989363 49.964 2 38.65 26458700 94.901 
  
(R)-Methyl 3-(dimethyl(phenyl)silyl)-3-phenylpropanoate (3.39). The spectroscopic 
data match those reported previously.107 1H NMR (400 MHz, CDCl3):  7.417.31 (5H, 
m), 7.217.19 (2H, m), 7.117.07 (1H, m), 6.956.93 (2H, m), 3.46 (3H, s), 2.84 (1H, 
dd, J=10.8, 4.4 Hz), 2.75 (1H, dd, J=15.6, 11.2 Hz), 2.63 (1H, dd, J=16.0, 4.4 Hz), 0.24 
(3H, s), 0.21 (3H, s). HRMS (ESI+) Calcd for C18H26NO2Si [M + NH4]
+: 316.1733, 
found: 316.1733. Optical Rotation: []D
20 +4.2 (c 1.98, CHCl3) for a sample with 95:5 er. 
The absolute configuration was assigned by analogy to 3.33. Enantiomeric purity was 
determined by HPLC analysis with authentic racemic material (95:5 er shown below; 
Chiralpak AD-H column (25 x 0.46 cm), 99.2:0.8 hexanes:i-PrOH, 0.3 mL/min, 220 nm). 
 
        
Peak # Ret. Time Area Area (%) Peak # Ret. Time Area Area (%) 
1 21.62 9510989 49.490 1 21.69 565287 4.821 
2 24.84 9706995 50.510 2 24.83 11159420 95.179 
 
 (R)-4-(Dimethyl(phenyl)silyl)-5-methylhexan-2-one (3.40). The spectroscopic data 
match those reported previously.107 1H NMR (400 MHz, CDCl3):  7.52-7.49 (2H, m), 
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7.357.33 (3H, m), 2.45 (1H, dd, J=17.2, 6.8 Hz), 2.36 (1H, dd, J=17.6, 5.6 Hz), 2.00 
(3H, s) 1.901.85 (1H, m), 1.621.55 (1H, m), 0.88 (3H, d, J=6.8 Hz), 0.82 (3H, d, J=6.8 
Hz), 0.33 (3H, s), 0.31 (3H, s). HRMS (ESI+) Calcd for C15H28NOSi [M + NH4]
+: 
266.1940, found: 266.1935. Optical Rotation: []D
20 +9.6 (c 0.71, CHCl3) for a sample 
with 87:13 er. The absolute configuration was assigned by analogy to 3.33. Enantiomeric 
purity was determined by HPLC analysis with authentic racemic material (87:13 er 
shown below; Chiralpak AS column (25 x 0.46 cm), 99.9:0.1 hexanes:i-PrOH, 0.8 
mL/min, 220 nm). 
 
       
Peak # Ret. Time Area Area (%) Peak # Ret. Time Area Area (%) 
1 13.07 2757511 49.332 1 12.22 1687024 13.211 
2 27.28 2832155 50.668 2 24.25 11082630 86.789 
 
(S)-4-(Dimethyl(phenyl)silyl)nonan-2-one (3.41). The spectroscopic data match those 
reported previously.107 1H NMR (400 MHz, CDCl3):  7.50-7.48 (2H, m), 7.35-7.33 (3H, 
m), 2.40 (1H, dd, J=17.2, 5.2 Hz), 2.30 (1H, dd, J=17.2, 8.0 Hz), 2.03 (3H, s), 1.55-1.43 
(2H, m), 1.25-1.16 (7H, m), 0.83 (3H, m), 0.28 (2 x 3H, overlapping s). HRMS (ESI+) 
Calcd for C17H32NOSi [M + NH4]
+: 294.2253, found: 294.2245. Optical Rotation: []D
20 
+1.4 (c 1.23, CHCl3) for a sample with 86:14 er. The absolute configuration was assigned 
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by analogy to 3.33. Enantiomeric purity was determined by HPLC analysis with authentic 
racemic material (88:12 er shown below; Chiralpak AS column (25 x 0.46 cm), 99.9:0.1 
hexanes:i-PrOH, 1.0 mL/min, 220 nm). 
 
        
Peak # Ret. Time Area Area (%) Peak # Ret. Time Area Area (%) 
1 5.50 2200594 49.297 1 9.07 550541 11.861 
2 10.12 2263319 50.703 2 10.58 4091264 88.140 
 
(R)-3-(Dimethyl(phenyl)silyl)-3-phenylpropanal (3.43). The spectroscopic data match 
those reported previously.111 IR (thin film), νmax (cm
-1): 3068 (w), 3024 (w), 2957 (w), 
2897 (w), 2816 (w), 2717 (w), 1721 (s), 1599 (w), 1494 (w), 1450 (w), 1427 (w), 1410 
(m), 1386 (w), 1304 (w), 1250 (m), 1190 (w), 1112 (m), 1080 (m), 1029 (m), 998 (w), 
911 (w), 888 (w), 830 (s), 769 (m), 736 (m), 700 (s), 642 (w), 604 (w), 539 (w), 504 (w), 
469 (w). 1H NMR (400 MHz, CDCl3):  9.55-9.54 (1H, m), 7.42-7.40 (5H, m), 7.39 7.33 
(2H, m), 7.24-7.19 (1H, m), 7.13-6.94 (2H, m), 2.91-2.83 (2H, m), 2.65-2.60 (1H, m), 
0.27 (3H, s), 0.25 (3H, s). 13C NMR (100 MHz, CDCl3): 202.7, 141.2, 136.3, 134.2, 
129.6, 128.4, 128.0, 127.8, 125.3, 43.6, 30.2, –4.1, –5.4. HRMS (ESI+) Calcd for 
C17H24NOSi [M + NH4]
+: 286.1627, found: 286.1615. Optical Rotation: []D
20 +14.6 (c 
                                                            
(111) Fleming, I.; Kindon, N. D. J. Chem. Soc., Perkin Trans. 1 1995, 4, 303–315. 
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2.43, CHCl3) for a sample with 95:5 er. The absolute configuration was assigned by 
analogy to 3.33. Enantiomeric purity was determined by HPLC analysis with authentic 
racemic material (95:5 er shown below; Chiralpak AS-H column (25 x 0.46 cm), 99.5:0.5 
hexanes:i-PrOH, 0.4 mL/min, 220 nm). 
 
         
Peak # Ret. Time Area Area (%) Peak # Ret. Time Area Area (%) 
1 37.66 11496560 51.023 1 41.01 248556 4.889 
2 11035410 48.977 51.241 2 48.97 4835399 95.111 
 
(S)-3-(Dimethyl(phenyl)silyl)hexanal (3.44). IR (thin film), νmax (cm
-1): 3069 (w), 3050 
(w), 2956 (m), 2928 (w), 2871 (w), 2710 (w), 1721 (s), 1488 (w), 1456 (w), 1427 (w), 
1410 (m), 1380 (w), 1338 (w), 1304 (w), 1250 (m), 1192 (w), 1165 (w), 1112 (m), 1029 
(w), 999 (w), 953 (w), 905 (w), 880 (w), 832 (s), 814 (s), 773 (m), 734 (s), 700 (s), 521 
(w), 472 (w), 411 (w). 1H NMR (400 MHz, CDCl3):  9.669.65 (1H, m), 7.517.48 (2H, 
m), 7.377.35 (3H, m), 2.44-2.38 (1H, m), 1.521.42 (2H, m), 1.381.16 (4H, m), 0.84 
(3H, t, J=6.8 Hz), 0.31 (2 x 3H, overlapping s). 13C NMR (100 MHz, CDCl3): 203.5, 
137.8, 134.0, 129.3, 128.0, 44.8, 32.8, 22.6, 19.5, 14.3, –3.9, –4.3. HRMS (ESI+) Calcd 
for C14H26NOSi [M + NH4]
+: 252.1784, found: 252.1793. Optical Rotation: []D
20 +22.7 
(c 1.37, CHCl3) for a sample with 88:12 er. The absolute configuration was assigned by 
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analogy to 3.33. Enantiomeric purity was determined by HPLC analysis with authentic 
racemic material (89:11 er shown below; Chiralcel OD column (25 x 0.46 cm), 99.7:0.3 
hexanes:i-PrOH, 0.85 mL/min, 220 nm). 
  
          
Peak # Ret. Time Area Area (%) Peak # Ret. Time Area Area (%) 
1 9.32 1167506 50.070 1 10.23 3795785 89.076 
2 11.51 1164241 49.930 2 13.12 465484 10.924 
 
(R)-3-(Dimethyl(phenyl)silyl)-4-methylpentanal (3.45). The spectroscopic data match 
those reported previously.111 IR (thin film), νmax (cm
-1): 3069 (w), 3050 (w), 2956 (m), 
2872 (w), 2711 (w), 1722 (s), 1464 (w), 1427 (m), 1386 (w), 1367 (w), 1305 (w), 1251 
(m), 1169 (w), 1111 (m), 1066 (w), 1038 (w), 999 (w), 953 (w), 905 (w), 883 (w), 830 
(s), 772 (m), 734 (s), 701 (s), 568 (w), 501 (w), 472 (w), 442 (w), 403 (w). 1H NMR (400 
MHz, CDCl3):  9.63 (1H, t, J=2.0 Hz), 7.527.49 (2H, m), 7.377.35 (3H, m), 
2.492.42 (1H, m), 2.392.33 (1H, m), 1.991.88 (1H, m), 1.571.53 (1H, m), 0.90 (3H, 
d, J=6.8 Hz), 0.84 (3H, d, J=6.8), 0.35 (3H, s), 0.33 (3H, s). 13C NMR (100 MHz, 
CDCl3): 203.7, 138.5, 134.0, 129.2, 128.0, 41.6, 28.8, 27.1, 24.7, 21.1, –2.4, –3.0. HRMS 
(ESI+) Calcd for C14H26NOSi [M + NH4]
+: 252.1784, found: 252.1788. Optical Rotation: 
[]D
20 +6.5 (c 2.7, CHCl3) for a sample with 88:12 er. The absolute configuration was 
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assigned by analogy to 3.33. Enantiomeric purity was determined by HPLC analysis with 
authentic racemic material (91:9 er shown below; Chiralcel OD column (25 x 0.46 cm), 
99.7:0.3 hexanes:i-PrOH, 0.85 mL/min, 220 nm). 
 
        
Peak # Ret. Time Area Area (%) Peak # Ret. Time Area Area (%) 
1 9.53 474754 48.292 1 9.91 3344972 91.163 
2 11.41 508338 51.706 2 11.83 324263 8.837 
 
Imidazolinium Tetrafluoroborate Salt 3.18. Prepared according to previously reported 
procedure.
112
 IR (thin film, cm
-1
) 3063 (w), 3031 (w), 2959 (w), 2924 (w), 1609 (s), 1563 
(w), 1515 (w), 1469 (w), 1457 (w), 1406 (w), 1276 (m), 1218 (m), 1601 (s), 940 (w), 915 
(w), 827 (w), 771 (w), 757 (w), 736 (w), 700 (m), 700 (w), 596 (w), 523 (w). 
1
H NMR 
(400 MHz, CDCl3): 8.93 (s, 1H), 7.567.45 (m, 6H), 7.31 (d, J = 6.4 Hz, 4H), 7.24 (d, J 
= 7.2 Hz, 2H), 7.19 (t, J = 7.2 Hz, 2H), 7.13 (d, J = 8.0 Hz, 2H), 7.07 (d, J = 7.6 Hz, 
2H), 6.71 (d, J = 7.2, Hz, 4H), 4.73 (s, 2H), 2.34 (s, 3H). 
13
C (100 MHz, CDCl3): 157.5, 
140.0, 138.3, 134.7, 133.8, 131.4, 131.1, 130.8, 130.0, 129.5, 129.3, 129.2, 129.5, 128.5, 
128.4, 128.3, 75.1, 21.0. Optical Rotation: []D
20
 234.4 (c 0.74, CHCl3). HRMS (ESI
+
) 
calcd for C41H35N2 [M-BF4]
+
: 555.2800, found: 555.2819. Optical rotation: []D
20
 234.4 
                                                            
(112) The procedure was followed as reported, except that (EtO)3CH was distilled from CaH2 under 
vacuum prior to use. See: Lee, K-s.; Hoveyda, A. H. J. Org. Chem. 2009, 74, 4455-4462.  
page 263
(c 0.74, CHCl3) for a sample with >98:2 er (based on optical purity of (S,S)-1,2-diphenyl 
ethylenediamine). 
 Representative Experimental Procedure for NHC–Catalyzed Enantioselective 
(Pinacolato)boron Conjugate Addition: In a glovebox, an oven-dried vial (8 x 1 cm) 
equipped with a stir bar was charged with a solution of NHC, which was prepared from  
3.24 (11 mg, 0.017 mmol), dbu (10 mg, 0.066 mmol), and thf (0.47 mL, 0.036 M solution 
of catalyst) for 30 min at 22 °C under a dry N2 atmosphere. Bis(pinacolato)diboron (3.1) 
(93 mg, 0.37 mmol), (E)-4-phenylbut-3-en-2-one (3.32) (49 mg, 0.33 mmol) and 
methanol (0.80 mL) were added to the vial (0.26 M solution of substrate), which was 
sealed with a cap before removal from the glovebox. The mixture was allowed to stir at 
22 °C for 14 h, after which the reaction was quenched by the addition of an aqueous 
solution of NH4Cl (1.0 mL, 0.7 M) and the mixture was allowed to stir for an additional 
20 min. The aqueous layer was washed with diethyl ether (3 x 5 mL). The combined 
organic layers were dried over anhydrous MgSO4 and filtered. The volatiles were 
removed under vacuum and the resulting light yellow oil was purified by silica gel 
chromatography (hexanes:Et2O = 10:1) to afford 84 mg (0.31 mmol, 92% yield) of (R)-4-
phenyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)butan-2-one (3.33) as a colorless 
oil. (R)-4-Phenyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)butan-2-one (3.34): 
The spectroscopic data match those reported previously.
113
 
1
H NMR (400 MHz, CDCl3): 
δ 7.26–7.18 (4H, m), 7.14–7.10 (1H, m), 3.02 (1H, dd, J = 18.4, 10.8 Hz), 2.82 (1H, dd, J 
= 18.4, 5.6 Hz), 2.62 (1H, dd, J = 10.8, 5.6 Hz), 2.12 (3H, s), 1.20 (6H, s), 1.14 (6H, s); 
                                                            
(113) Sim, H-S.; Feng, X.; Yun, J. Chem. Eur. J. 2009, 15, 1939–1943. 
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Specific Rotation: [α]D
20
 –34.2 (c 1.06, CHCl3) for an enantiomerically enriched sample 
of 96:4 er. Enantiomeric purity was determined by HPLC analysis in comparison with 
authentic racemic material (96:4 er shown; Chiralpak AS-H column, 98/2 hexanes/i-
PrOH, 0.3 mL/min, 220 nm). 
 
Peak # Time (min) Area (%) Peak # Time (min) Area (%) 
1 15.689 50.213 1 15.632 95.776 
2 16.972 49.787 2 16.899 4.224 
Proof of Stereochemistry: The corresponding (R)-4-hydroxy-4-phenylbutan-2-one was 
obtained after oxidation of 3.34, the spectroscopic data match those reported previously. 
Specific Rotation of (R)-4-hydroxy-4-phenylbutan-2-one: [α]D
20
 +64.3 (c 0.83, CHCl3). 
Literature value ([α]D
20
 –49.0 (c 0.52, CHCl3), 89.5:10.5 er) is assigned to the (S) 
enantiomer.
113 
(R)-4-(4-Methoxyphenyl)-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)butan-2-
one (3.52): The spectroscopic data match those reported previously.
114
 
1
H NMR (400 
MHz, CDCl3): δ 7.13–7.09 (2H, m), 6.80–6.76 (2H, m), 3.75 (3H, s), 2.96 (1H, dd, J = 
18.2, 10.6 Hz), 2.78 (1H, dd, J = 18.2, 5.6 Hz), 2.56 (1H, dd, J = 10.6, 5.6 Hz), 2.11 (3H, 
                                                            
(114) Shiomi, T.; Adachi, T.; Toribatake, K.; Zhou, L.; Nishiyama, H. Chem. Commun. 2009, 5987–5989. 
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s), 1.20 (6H, s), 1.15 (6H, s); Specific Rotation: [α]D
20
 –29.1 (c 1.07, CHCl3) for an 
enantiomerically enriched sample of 94:6 er. Enantiomeric purity was determined by 
HPLC analysis in comparison with authentic racemic material (94:6 er shown; Chiralcel 
OD-H column, 98/2 hexanes/i-PrOH, 0.3 mL/min, 220 nm). 
 
Peak # Time (min) Area (%) Peak # Time (min) Area (%) 
1 23.666 50.215 1 24.058 94.084 
2 25.844 49.785 2 26.278 5.916 
(R)-4-(4-Bromophenyl)-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)butan-2-one 
(3.51): IR (neat): 2957 (m), 2922 (s), 2853 (m), 1707 (m), 1362 (m), 1327 (m), 1142 (m) 
cm
–1
; 
1
H NMR (400 MHz, CDCl3): δ 7.36 (2H, d, J=8.4 Hz), 7.09 (2H, d, J=8.4 Hz), 
2.99 (1H, dd, J=18.4, 10.4 Hz), 2.81 (1H, dd, J=18.4, 5.6 Hz), 2.60 (1H, dd, J=10.4, 5.6 
Hz), 2.14 (3H, s), 1.21 (6H, s), 1.16 (6H, s); 
13
C NMR (100 MHz, CDCl3): δ 208.1, 
141.0, 131.6, 130.1, 119.5, 83.7, 47.4, 29.8, 24.7; HRMS (ESI+): Calcd for C16H23BBrO3 
[M+H]
+
: 353.0924, Found: 353.0908. Specific Rotation: [α]D
20
 –7.2 (c 0.33, CHCl3) for 
an enantiomerically enriched sample of 92:8 er. Enantiomeric purity was determined by 
HPLC analysis in comparison with authentic racemic material (92:8 er shown; Chiralpak 
AS-H column, 99/1 hexanes/i-PrOH, 0.3 mL/min, 220 nm). 
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 Peak # Time (min) Area (%) Peak # Time (min) Area (%) 
1 18.460 50.801 1 17.310 91.628 
2 20.013 49.199 2 18.669 8.372 
(R)-5-Methyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)hexan-2-one (3.53): IR 
(neat): 2976 (m), 2958 (m), 1715 (s), 1412 (w), 1371 (s), 1310 (s), 1279 (s), 1214 (m), 
1165 (m), 1142 (s), 1123 (s), 969 (w), 850 (m) cm
–1
; 
1
H NMR (400 MHz, CDCl3): δ 2.59 
(1H, dd, J = 18.4, 11.2 Hz), 2.48 (1H, dd, J = 18.4, 4.8 Hz), 2.09 (3H, s), 1.71–1.63 (1H, 
m), 1.23–1.13 (13H, m), 0.91–0.88 (6H, m); 13C NMR (100 MHz, CDCl3): δ 209.5, 82.9, 
43.8, 29.7, 28.9, 25.0, 24.9, 24.7, 22.1, 21.6; HRMS (ESI+): Calcd for C13H26BO3 
[M+H]
+
: 241.1975, Found: 241.1984. Specific Rotation: [α]D
20
 +1.2 (c 1.80, CHCl3) for 
an enantiomerically enriched sample of 94:6 er. Enantiomeric purity was determined by 
HPLC analysis in comparison with authentic racemic material (94:6 er shown; Chiralcel 
OD-H column, 99.9/0.1 hexanes/i-PrOH, 0.3 mL/min, 300 nm). 
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 Peak # Time (min) Area (%) Peak # Time (min) Area (%) 
1 17.999 50.558 1 18.647 6.344 
2 19.403 49.442 2 19.442 93.656 
(S)-5-Phenyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pentanal (3.54): IR 
(neat): 2976 (m), 2924 (m), 2855 (w), 2713 (w), 1723 (s), 1380 (s), 1318 (s), 1144 (s), 
701 (m) cm
–1
; 
1
H NMR (400 MHz, CDCl3): δ 9.74 (1H, t, J=1.0 Hz), 7.26–7.23 (2H, m), 
7.16–7.14 (3H, m), 2.67–2.53 (4H, m), 1.83–1.75 (1H, m), 1.65–1.58 (1H, m), 1.40–1.35 
(1H, m), 1.24 (6H, s), 1.23 (6H, s);  
13
C NMR (100 MHz, CDCl3): δ 202.7, 142.5, 128.5, 
128.47, 125.9, 83.5, 46.0, 35.3, 32.7, 30.5, 25.0, 24.9; HRMS (ESI+): Calcd for 
C17H26BO3 [M+H]
+
: 289.1975, Found: 289.2002. Specific Rotation: [α]D
20
 –9.6 (c 0.37, 
CHCl3) for an enantiomerically enriched sample of 95:5 er. Enantiomeric purity was 
determined by HPLC analysis in comparison with authentic racemic material (95:5 er 
shown; Chiralcel OJ-H column, 99/1 hexanes/i-PrOH, 0.3 mL/min, 220 nm). 
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 Peak # Time (min) Area (%) Peak # Time (min) Area (%) 
1 30.557 49.690 1 30.903 95.192 
2 38.784 50.310 2 39.780 4.808 
(S)-5-Methyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)hexanal (3.55): IR 
(neat): 2977 (m), 2956 (m), 2926 (m), 2869 (w), 2716 (w), 1725 (s), 1467 (w), 1379 (s), 
1372 (s), 1317 (m), 1280 (m), 1168 (w), 1145 (s), 1125 (s), 850 (m) cm
–1
; 
1
H NMR (400 
MHz, CDCl3): δ 9.75 (1H, m), 2.53–2.51 (2H, m), 1.62–1.55 (1H, m), 1.40–1.33 (2H, m), 
1.23–1.14 (13H, m), 0.88 (3H, d, J = 6.4 Hz), 0.85 (3H, d, J = 6.4 Hz); 13C NMR (100 
MHz, CDCl3): δ 202.9, 83.3, 46.0, 39.6, 26.7, 25.1, 24.8, 22.7, 22.5; HRMS (ESI+): 
Calcd for C13H26BO3 [M+H]
+
: 241.1975, Found: 241.1964. Specific Rotation: [α]D
20
 –3.8 
(c 0.94, CHCl3) for an enantiomerically enriched sample of 94:6 er. Enantiomeric purity 
was determined by GLC analysis in comparison with authentic racemic material (94:6 er 
shown; Chiraldex GTA column, 15 psi, 70 ºC). 
page 269
 Peak # Time (min) Area (%) Peak # Time (min) Area (%) 
1 216.030 49.95908 1 211.952 94.19974 
2 229.124 50.04902 2 229.041 5.80026 
(S)-3-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)hexanal (3.56): The spectroscopic 
data match those reported previously.
115
 
1
H NMR (400 MHz, CDCl3): δ 9.74–9.74 (1H, 
m), 2.59–2.39 (2H, m), 1.47–1.40 (1H, m), 1.36–1.26 (4H, m), 1.22 (6H, s), 1.21 (6H, s), 
0.87 (3H, t, J = 7.2 Hz); Specific Rotation: [α]D
20
 +3.6 (c 1.11, CHCl3) for an 
enantiomerically enriched sample of 95:5 er. Enantiomeric purity was determined by 
GLC analysis in comparison with authentic racemic material (95:5 er shown; Chiraldex 
GTA column, 15 psi, 70 ºC). 
                                                            
(115) Bonet, A.; Lillo, V.; Ramírez, J.; Mar Díaz-Requejo, M.; Fernández, E. Org. Biomol. Chem. 2009, 7, 
1533–1535. 
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 Peak # Time (min) Area (%) Peak # Time (min) Area (%) 
1 173.970 50.14852 1 172.646 94.97705 
2 180.768 49.85148 2 181.338 5.02295 
(S)-4-Methyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pentanal (3.57): IR 
(neat): 2977 (m), 2931 (m), 2873 (w), 2716 (w), 1721 (s), 1372 (s), 1310 (s), 1279 (s), 
1214 (w), 1143 (s), 1124 (s), 967 (w), 849 (s) cm
–1
; 
1
H NMR (400 MHz, CDCl3): δ 9.72 
(1H, m), 2.56 (1H, dd, J = 18.2, 10.0 Hz), 2.43 (1H, dd, J = 18.2, 4.2 Hz), 1.74–1.66 (1H, 
m), 1.24–1.14 (13H, m), 0.89–0.83 (6H, m); 13C NMR (100 MHz, CDCl3): δ 203.1, 83.2, 
43.9, 28.9, 24.9, 24.7, 21.9, 21.5; HRMS (ESI+): Calcd for C12H24BO3 [M+H]
+
: 
227.1819, Found: 227.1829. Specific Rotation: [α]D
20
 +2.4 (c 1.43, CHCl3) for an 
enantiomerically enriched sample of 91:9 er. Enantiomeric purity was determined by 
GLC analysis in comparison with authentic racemic material (91:9 er shown; Chiraldex 
GTA column, 15 psi, 70 ºC). 
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 Peak # Time (min) Area (%) Peak # Time (min) Area (%) 
1 190.395 48.01977 1 193.797 90.71579 
2 197.781 51.98023 2 201.452 9.28421 
(R)-Methyl-3-phenyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)propanoate 
(3.58): The spectroscopic data match those reported previously.
116
 
1
H NMR (400 MHz, 
CDCl3): δ 7.26–7.18 (4H, m), 7.15–7.11 (1H, m), 3.63 (3H, s), 2.88 (1H, dd, J = 15.8, 9.6 
Hz), 2.74–2.61 (2H, m), 1.24 (6H, s), 1.15 (6H, s); Specific Rotation: [α]D
20
 –20.3 (c 
1.05, CHCl3) for an enantiomerically enriched sample of 98:2 er. Enantiomeric purity 
was determined by HPLC analysis in comparison with authentic racemic material (98:2 
er shown; Chiralcel OJ-H column, 98/2 hexanes/i-PrOH, 0.3 mL/min, 220 nm). 
                                                            
(116) Park, J. K.; Lackey, H. H.; Rexford, M. D.; Kovnir, K.; Shatruk, M.; McQuade, D. T. Org. Lett. 
2010, 12, 5008–5011. 
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 Peak # Time (min) Area (%) Peak # Time (min) Area (%) 
1 24.21 49.602 1 24.30 98.337 
2 29.09 50.399 2 29.38 1.663 
(R)-Methyl-3-(4-bromophenyl)-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)propanoate (3.59): IR (neat): 2976 (m), 2953 (m), 2924 (m), 2853 (w), 1736 (s), 1487 
(m), 1437 (m), 1370 (s), 1327 (s), 1169 (m), 1141 (s), 1011 (m), 847 (m) cm
–1
; 
1
H NMR 
(400 MHz, CDCl3): δ 7.37 (2H, d, J = 8.4 Hz), 7.09 (2H, d, J = 8.4 Hz), 3.64 (3H, s), 
2.85 (1H, dd, J = 15.4, 8.6 Hz), 2.71–2.61 (2H, m), 1.21 (6H, s), 1.17 (6H, s);  13C NMR 
(100 MHz, CDCl3): δ 173.9, 140.8, 131.9, 130.3, 119.9, 84.1, 52.0, 37.2, 30.1, 30.5, 24.9, 
24.8; HRMS (ESI+): Calcd for C16H23BBrO4 [M+H]
+
: 369.0873, Found: 369.0872. 
Specific Rotation: [α]D
20
 –10.2 (c 0.32, CHCl3) for an enantiomerically enriched sample 
of 94:6 er. Enantiomeric purity was determined by HPLC analysis in comparison with 
authentic racemic material (94:6 er shown; Chiralcel OJ-H column, 99/1 hexanes/i-PrOH, 
0.3 mL/min, 220 nm). 
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 Peak # Time (min) Area (%) Peak # Time (min) Area (%) 
1 22.676 49.825 1 23.305 5.785 
2 26.292 50.175 2 26.966 94.215 
(S)-Methyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)octanoate (3.60): IR 
(neat): 2978 (m), 2927 (m), 2857 (w), 1737 (s), 1371 (m), 1318 (m), 1280 (s), 1168 (m), 
1143 (s), 1124 (s), 850 (s) cm
–1
; 
1
H NMR (400 MHz, CDCl3): δ 3.61 (3H, s), 2.44–2.32 
(2H, m), 1.44–1.37 (1H, m), 1.32–1.20 (20H, m), 0.84 (3H, apparent t); 13C NMR (100 
MHz, CDCl3): δ 174.4, 83.1, 51.3, 35.6, 31.9, 30.5, 28.3, 24.7, 24.6, 22.5, 14.0; HRMS 
(ESI+): Calcd for C15H30BO4 [M+H]
+
: 285.2237, Found: 285.2236. Specific Rotation: 
[α]D
20
 +2.5 (c 0.85, CHCl3) for an enantiomerically enriched sample of 95:5 er. 
Enantiomeric purity was determined by GLC analysis in comparison with authentic 
racemic material (95:5 er shown; Chiraldex B-DM column, 15 psi, 90 ºC).  
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 Peak # Time (min) Area (%) Peak # Time (min) Area (%) 
1 305.910 49.911 1 305.394 4.650 
2 313.884 50.089 2 313.624 95.350 
(R)-tert-Butyl-3-phenyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)propanoate 
(3.61): The spectroscopic data match those reported previously.
116
 
1
H NMR (400 MHz, 
CDCl3): δ 7.25–7.18 (4H, m), 7.14–7.09 (1H, m), 2.78 (1H, dd, J = 15.6, 10.0 Hz), 2.68 
(1H, dd, J = 10.0, 5.6 Hz), 2.56 (1H, dd, J = 15.6, 5.6 Hz), 1.39 (9H, s), 1.20 (6H, s), 1.15 
(6H, s); Specific Rotation: [α]D
20
 –19.6 (c 1.20, CHCl3) for an enantiomerically enriched 
sample of 98:2 er. Enantiomeric purity was determined by HPLC analysis in comparison 
with authentic racemic material (98:2 er shown; Chiralcel OD-H column, 99.9/0.1 
hexanes/i-PrOH, 0.3 mL/min, 220 nm).  
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Peak # Time (min) Area (%) Peak # Time (min) Area (%) 
1 18.936 50.176 1 20.612 97.903 
2 22.250 49.824 2 25.031 2.097 
(R)-N-Methoxy-N-methyl-3-phenyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)propanamide (3.62): IR (neat): 2975 (w), 2931 (w), 1657 (s), 1359 (s), 1319 (s), 1248 
(m), 1140 (s), 1109 (m), 996 (m), 969 (w), 701 (s) cm
–1
; 
1
H NMR (400 MHz, CDCl3): δ 
7.27–7.21 (4H, m), 7.16–7.10 (1H, m), 3.61 (3H, s), 3.14 (3H, s), 2.98–2.81 (2H, m), 
2.69 (1H, dd, J=11.2, 5.6 Hz), 1.20 (6H, s), 1.15 (6H, s);  
13
C NMR (100 MHz, CDCl3): δ 
174.3, 142.1, 128.4, 128.4, 125.5, 83.2, 61.1, 35.9, 32.3, 24.6, 24.5; HRMS (ESI+): Calcd 
for C16H33BNO4 [M+H]
+
: 320.2033, Found: 320.2032. Specific Rotation: [α]D
20
 –65.3 (c 
0.73, CHCl3) for an enantiomerically enriched sample of 86.5:13.5 er. Enantiomeric 
purity was determined by HPLC analysis in comparison with authentic racemic material 
(86.5:13.5 er shown; Chiralcel OJ-H column, 99/1 hexanes/i-PrOH, 0.3 mL/min, 220 
nm). 
 
Peak # Time (mins) Area (%) Peak # Time (mins) Area (%) 
1 25.141 49.901 1 26.044 86.472 
2 28.704 50.099 2 30.000 13.528 
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(R)-3-(4-Bromophenyl)-N-methoxy-N-methyl-3-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)propanamide (3.63): IR (neat): 2973 (w), 2922 (m), 2852 (w), 1725 
(w), 1659 (s), 1486 (m), 1361 (s), 1324 (s), 1108 (s) cm
–1
; 
1
H NMR (400 MHz, CDCl3): δ 
7.37 (2H, d, J = 8.4 Hz), 7.15 (2H, d, J = 8.4 Hz), 3.64 (3H, s), 3.15 (3H, s), 2.98–2.82 
(2H, m), 2.66 (1H, dd, J = 10.0, 6.0 Hz), 1.21 (6H, s), 1.17 (6H, s); 
13
C NMR (100 MHz, 
CDCl3): δ 174.0, 141.4, 131.5, 130.3, 119.4, 83.5, 61.3, 35.8, 32.5, 29.8, 24.7, 24.7; 
HRMS (ESI+): Calcd for C17H26BBrNO4 [M+H]
+
: 398.1138, Found: 398.1139. Specific 
Rotation: [α]D
20
 –15.6 (c 0.81, CHCl3) for an enantiomerically enriched sample of 94:6 
er. Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material (94:6 er shown; Chiralcel OD-H column, 99/1 hexanes/i-PrOH, 0.3 
mL/min, 220 nm). 
 
Peak # Time (min) Area (%) Peak # Time (min) Area (%) 
1 32.987 50.132 1 31.973 94.229 
2 36.584 49.868 2 35.942 5.771 
(S)-N-Methoxy-N-methyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)octanamide 
(3.64): IR (neat): 2958 (w), 2925 (m), 2856 (w), 1664 (s), 1462 (w), 1414 (m), 1379 (s), 
1315 (s), 1242 (w), 1215 (w), 1145 (s), 1003 (m), 968 (w), 867 (w) cm
–1
; 
1
H NMR (400 
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MHz, CDCl3): δ 3.64 (3H, s), 3.12 (3H, s), 2.55–2.43 (2H, m), 1.45–1.20 (21H, m), 0.83 
(3H, apparent t); 
13
C NMR (100 MHz, CDCl3): δ 174.9, 82.7, 61.1, 33.7, 32.3, 32.0, 30.7, 
28.6, 24.8, 24.7, 22.5, 14.0; HRMS (ESI+): Calcd for C16H33BNO4 [M+H]
+
: 314.2503, 
Found: 314.2509. Specific Rotation: [α]D
20
 –1.1 (c 1.08, CHCl3) for an enantiomerically 
enriched sample of 95:5 er. Enantiomeric purity was determined by HPLC analysis in 
comparison with authentic racemic material (95:5 er shown; Chiralcel OD-H column, 
99.9/0.1 hexanes/i-PrOH, 0.3 mL/min, 220 nm).  
 
Peak # Time (min) Area (%) Peak # Time (min) Area (%) 
1 34.571 50.634 1 31.714 94.796 
2 39.849 49.366 2 38.441 5.204 
(R)-N-Methoxy-N,4-dimethyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)pentanamide (3.65): IR (neat): 2957 (m), 2872 (w), 1662 (s), 1464 (w), 1444 (m), 
1378 (s), 1317 (s), 1255 (m), 1215 (m), 1165 (m), 1144 (s), 1112 (w), 1099 (w), 1002 
(m), 976 (m), 870 (w) cm
–1
; 
1
H NMR (400 MHz, CDCl3): δ 3.66 (3H, s), 3.12 (3H, s), 
2.52–2.50 (2H, m), 1.78–1.66 (1H, m), 1.26–1.23 (7H, m), 1.20 (6H, s), 0.95–0.92 (6H, 
m); 
13
C NMR (100 MHz, CDCl3): δ 175.3, 82.8, 61.1, 32.2, 31.7, 29.2, 25.0, 24.8, 22.2, 
21.7; HRMS (ESI+): Calcd for C14H29BNO4 [M+H]
+
: 286.2190, Found: 286.2187. 
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Specific Rotation: [α]D
20
 –2.0 (c 1.30, CHCl3) for an enantiomerically enriched sample of 
95:5 er. Enantiomeric purity was determined by HPLC analysis in comparison with 
authentic racemic material (95:5 er shown; Chiralcel OD-H column, 99.9/0.1 hexanes/i-
PrOH, 0.3 mL/min, 220 nm).  
 
Peak # Time (min) Area (%) Peak # Time (min) Area (%) 
1 44.542 50.003 1 42.734 94.812 
2 49.925 49.997 2 46.866 5.188 
(R)-3-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)cyclopentanone (3.67): The 
spectroscopic data match those reported previously.
117
 
1
H NMR (400 MHz, CDCl3): δ 
2.31–2.18 (2H, m), 2.15–2.06 (3H, m), 1.88–1.79 (1H, m), 1.67–1.56 (1H, m), 1.24 (12H, 
overlapping s); Specific Rotation: [α]D
20
 +24.2 (c 1.12, CHCl3) for an enantiomerically 
enriched sample of 92:8 er. Enantiomeric purity was determined by GLC analysis in 
comparison with authentic racemic material (92:8 er shown; Chiraldex GTA column, 15 
psi, 100 ºC). 
                                                            
(117) Lee, K.-S.; Zhugralin, A. R.; Hoveyda, A. H. J. Am. Chem. Soc. 2009, 131, 7253–7255. 
page 279
 Peak # Time (min) Area (%) Peak # Time (min) Area (%) 
1 79.496 49.31277 1 78.459 8.35543 
2 81.545 50.68723 2 79.712 91.66457 
(S)-3,3-Dimethyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)cyclopentanone 
(3.68): The spectroscopic data match those reported previously.
115
 
1
H NMR (400 MHz, 
CDCl3): δ 2.39–2.25 (2H, m), 2.09–1.99 (2H, m), 1.47–1.42 (1H, m), 1.22 (15H, s), 0.98 
(3H, s); Specific Rotation: [α]D
20
 –6.5 (c 1.20, CHCl3) for an enantiomerically enriched 
sample of 85:15 er. Enantiomeric purity was determined by GLC analysis in comparison 
with authentic racemic material (85:15 er shown; Chiraldex B-DM column, 15 psi, 130 
ºC). 
 
Peak # Time (min) Area (%) Peak # Time (min) Area (%) 
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1 21.335 49.44594 1 21.343 15.30950 
2 21.741 50.55406 2 21.744 84.69050 
(R)-3-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)cyclohexanone (3.69): The 
spectroscopic data match those reported previously.
115
 
1
H NMR (400 MHz, CDCl3): δ 
2.39–2.24 (4H, m), 2.09–2.03 (1H, m), 1.89–1.84 (1H, m), 1.79–1.70 (1H, m), 1.66–1.57 
(1H, m), 1.45–1.42 (1H, m), 1.23 (12H, overlapping s); Specific Rotation: [α]D
20
 +6.2 (c 
1.29, CHCl3) for an enantiomerically enriched sample of 83:17 er. Enantiomeric purity 
was determined by GLC analysis in comparison with authentic racemic material (83:17 er 
shown; Chiraldex B-DM column, 15 psi, 140 ºC). 
 
Peak # Time (min) Area (%) Peak # Time (min) Area (%) 
1 16.864 50.06022 1 17.450 82.69975 
2 17.308 49.93978 2 17.898 17.30025 
(R)-3-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)cycloheptanone (3.70): The 
spectroscopic data match those reported previously.
115
 
1
H NMR (400 MHz, CDCl3): δ 
2.54–2.42 (4H, m), 1.95–1.86 (2H, m), 1.82–1.74 (1H, m), 1.62–1.54 (1H, m), 1.53–1.36 
(2H, m), 1.31–1.21 (13H, m); Specific Rotation: [α]D
20
 +11.3 (c 1.10, CHCl3) for an 
enantiomerically enriched sample of 71:29 er.  
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Enantiomeric purity was determined by GLC analysis in comparison with authentic 
racemic material (71:29 er shown; Chiraldex GTA column, 15 psi, 60–90 ºC, 0.1ºC/min). 
 
Peak # Time (min) Area (%) Peak # Time (min) Area (%) 
1 548.306 46.30276 1 552.896 71.23363 
2 560.072 53.69724 2 563.969 28.76637 
(S)-4-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)tetrahydro-2H-pyran-2-one 
(3.72): To a CH2Cl2 solution of (S)-methyl 5-[(tert-butyldimethylsilyl)oxy]-3-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)pentanoate (17 mg, 0.044 mmol, 0.09 M), 
trifluoroacetic acid (34 µL, 10 equivalents) was added dropwise at 0 ºC. The reaction 
mixture was allowed to stir at 0 ºC for 20 min before quenched by saturated aqueous 
NaHCO3 solution. The aqueous layer was washed with diethyl ether (3 x 1 mL). The 
combined organic fractions were dried over MgSO4 and filtered. The volatiles were 
removed under vacuum and the resulting light yellow oil was purified by silica gel 
chromatography (pentane:Et2O = 1:3) to afford 9.0 mg (0.040 mmol, 90% yield) of (R)-
4-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)tetrahydro-2H-pyran-2-one (3.72) as a 
colorless oil. The spectroscopic data match those reported previously.
115
 
1
H NMR (400 
MHz, CDCl3): δ 4.39–4.33 (1H, m), 4.30–4.24 (1H, m), 2.61 (1H, dd, J = 17.8, 6.8 Hz), 
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2.49 (1H, dd, J = 17.8, 10.4 Hz), 1.99–1.87 (1H, m), 1.84–1.75 (1H, m), 1.65–1.49 (1H, 
m), 1.25–1.21 (12H, m); Specific Rotation: [α]D
20
 –9.8 (c 0.60, CHCl3) for an 
enantiomerically enriched sample of 94:6 er. Enantiomeric purity was determined by 
GLC analysis in comparison with authentic racemic material (94:6 er shown; Chiraldex 
B-DM column, 15 psi, 140 ºC). 
 
Peak # Time (min) Area (%) Peak # Time (min) Area (%) 
1 264.959 49.08981 1 264.763 5.64964 
2 272.014 50.91019 2 268.344 94.35036 
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X-ray Crystal Data for C2-symmetric m-Me imidazolinium salt 3.18. 
 
Table 1.  Crystal data and structure refinement for C41H35N2BF4. 
Identification code  C41H35N2BF4 
Empirical formula  C42 H39 B F4 N2 O 
Formula weight  674.56 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P 1 
Unit cell dimensions a = 9.6680(4) Å = 92.296(2)°. 
 b = 10.2633(5) Å = 107.183(2)°. 
 c = 10.6583(4) Å  = 117.855(2)°. 
Volume 873.22(6) Å3 
Z 1 
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Density (calculated) 1.283 Mg/m3 
Absorption coefficient 0.091 mm-1 
F(000) 354 
Crystal size 0.13 x 0.08 x 0.06 mm3 
Theta range for data collection 2.05 to 28.40°. 
Index ranges -12<=h<=12, -13<=k<=13, -14<=l<=14 
Reflections collected 29183 
Independent reflections 8253 [R(int) = 0.0165] 
Completeness to theta = 28.40° 99.1 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9946 and 0.9883 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 8253 / 100 / 466 
Goodness-of-fit on F2 1.030 
Final R indices [I>2sigma(I)] R1 = 0.0450, wR2 = 0.1169 
R indices (all data) R1 = 0.0462, wR2 = 0.1184 
Extinction coefficient na 
Largest diff. peak and hole 0.670 and -0.391 e.Å-3 
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 Table 2.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters 
(Å2x 103)for C41H35N2BF4.  U(eq) is defined as one third of  the trace of the 
orthogonalized Uij tensor. 
________________________________________________________________________  
 x y z U(eq) 
________________________________________________________________________  
C(1) 2314(2) 6571(2) 5547(2) 21(1) 
C(2) 1934(2) 8618(2) 5727(2) 18(1) 
C(3) 3098(2) 8856(2) 4897(2) 18(1) 
C(4) 556(2) 6427(2) 6855(2) 22(1) 
C(5) 1215(2) 6348(2) 8189(2) 24(1) 
C(6) 78(3) 5703(2) 8851(2) 30(1) 
C(7) -1623(3) 5140(2) 8201(2) 32(1) 
C(8) -2268(2) 5193(2) 6861(2) 29(1) 
C(9) -1148(2) 5869(2) 6194(2) 26(1) 
C(10) 3032(2) 6956(2) 8925(2) 25(1) 
C(11) 3892(3) 6295(3) 8609(2) 31(1) 
C(12) 5592(3) 6899(3) 9336(2) 39(1) 
C(13) 6442(3) 8161(3) 10368(2) 42(1) 
C(14) 5592(3) 8805(3) 10696(2) 38(1) 
C(15) 3890(3) 8195(3) 9991(2) 31(1) 
C(16) -4123(3) 4510(3) 6132(3) 39(1) 
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C(17) 2690(2) 9904(2) 6902(2) 19(1) 
C(18) 4292(2) 10421(2) 7824(2) 24(1) 
C(19) 5033(2) 11652(2) 8866(2) 27(1) 
C(20) 4173(2) 12380(2) 8995(2) 28(1) 
C(21) 2576(3) 11876(2) 8097(2) 32(1) 
C(22) 1817(2) 10629(2) 7052(2) 25(1) 
C(23) 2491(2) 9113(2) 3511(2) 25(1) 
C(24) 925(3) 8050(3) 2589(2) 33(1) 
C(25) 416(4) 8310(4) 1302(2) 53(1) 
C(26) 1447(5) 9612(5) 954(3) 67(1) 
C(27) 2988(5) 10643(4) 1865(3) 58(1) 
C(28) 3522(3) 10396(3) 3143(3) 37(1) 
C(29) 3946(2) 7007(2) 4099(2) 24(1) 
C(30) 5681(2) 7836(2) 4433(2) 27(1) 
C(31) 6343(3) 7331(3) 3652(2) 38(1) 
C(32) 5342(3) 6086(3) 2619(2) 40(1) 
C(33) 3615(3) 5293(3) 2283(2) 36(1) 
C(34) 2924(3) 5777(2) 3036(2) 26(1) 
C(35) 6764(2) 9175(2) 5566(2) 29(1) 
C(36) 7040(3) 8995(3) 6892(2) 34(1) 
C(37) 7992(3) 10247(3) 7942(3) 42(1) 
C(38) 8658(3) 11682(3) 7687(3) 45(1) 
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C(39) 8409(3) 11858(3) 6378(3) 48(1) 
C(40) 7479(3) 10622(3) 5319(3) 39(1) 
C(41) 2494(4) 3967(3) 1109(2) 48(1) 
N(1) 1663(2) 7170(2) 6134(1) 20(1) 
N(2) 3165(2) 7436(2) 4864(1) 20(1) 
B(1) 8004(3) 3755(3) 2406(3) 40(1) 
F(1) 9289(6) 4971(5) 3490(4) 30(1) 
F(2) 8393(7) 4266(6) 1328(5) 67(1) 
F(3) 6500(7) 3627(8) 2250(7) 66(1) 
F(4) 7962(6) 2411(5) 2501(5) 46(1) 
F(1X) 9378(6) 4551(5) 3654(4) 24(1) 
F(2X) 7793(6) 4559(5) 1390(4) 35(1) 
F(3X) 6360(7) 3178(7) 2593(6) 50(1) 
F(4X) 8359(8) 2769(7) 2077(7) 56(1) 
F(1Y) 9037(8) 4780(8) 3641(6) 32(2) 
F(2Y) 8818(5) 3755(5) 1420(4) 34(1) 
F(3Y) 6917(7) 4090(7) 1889(6) 51(1) 
F(4Y) 7455(9) 2275(7) 2679(6) 56(2) 
O(1) 1037(2) 3138(2) 4717(2) 43(1) 
C(1S) 1309(4) 2109(3) 4073(3) 43(1) 
________________________________________________________________________
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Table 3.   Bond lengths [Å] and angles [°] for  C41H35N2BF4. 
_____________________________________________________  
C(1)-N(2)  1.310(2) 
C(1)-N(1)  1.314(2) 
C(1)-H(1A)  0.9500 
C(2)-N(1)  1.491(2) 
C(2)-C(17)  1.507(2) 
C(2)-C(3)  1.567(2) 
C(2)-H(2A)  1.0000 
C(3)-N(2)  1.489(2) 
C(3)-C(23)  1.503(2) 
C(3)-H(3A)  1.0000 
C(4)-C(9)  1.392(2) 
C(4)-C(5)  1.399(2) 
C(4)-N(1)  1.445(2) 
C(5)-C(6)  1.399(3) 
C(5)-C(10)  1.488(3) 
C(6)-C(7)  1.387(3) 
C(6)-H(6A)  0.9500 
C(7)-C(8)  1.394(3) 
C(7)-H(7A)  0.9500 
C(8)-C(9)  1.397(2) 
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C(8)-C(16)  1.506(3) 
C(9)-H(9A)  0.9500 
C(10)-C(11)  1.392(3) 
C(10)-C(15)  1.393(3) 
C(11)-C(12)  1.394(3) 
C(11)-H(11A)  0.9500 
C(12)-C(13)  1.386(4) 
C(12)-H(12A)  0.9500 
C(13)-C(14)  1.375(3) 
C(13)-H(13A)  0.9500 
C(14)-C(15)  1.390(3) 
C(14)-H(14A)  0.9500 
C(15)-H(15A)  0.9500 
C(16)-H(16A)  0.9800 
C(16)-H(16B)  0.9800 
C(16)-H(16C)  0.9800 
C(17)-C(18)  1.392(2) 
C(17)-C(22)  1.395(2) 
C(18)-C(19)  1.384(3) 
C(18)-H(18A)  0.9500 
C(19)-C(20)  1.381(3) 
C(19)-H(19A)  0.9500 
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C(20)-C(21)  1.382(3) 
C(20)-H(20A)  0.9500 
C(21)-C(22)  1.394(3) 
C(21)-H(21A)  0.9500 
C(22)-H(22A)  0.9500 
C(23)-C(28)  1.389(3) 
C(23)-C(24)  1.393(3) 
C(24)-C(25)  1.396(3) 
C(24)-H(24)  0.9500 
C(25)-C(26)  1.389(5) 
C(25)-H(25)  0.9500 
C(26)-C(27)  1.368(6) 
C(26)-H(26)  0.9500 
C(27)-C(28)  1.385(3) 
C(27)-H(27)  0.9500 
C(28)-H(28)  0.9500 
C(29)-C(34)  1.383(3) 
C(29)-C(30)  1.398(3) 
C(29)-N(2)  1.440(2) 
C(30)-C(31)  1.401(3) 
C(30)-C(35)  1.489(3) 
C(31)-C(32)  1.373(4) 
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C(31)-H(31A)  0.9500 
C(32)-C(33)  1.390(4) 
C(32)-H(32A)  0.9500 
C(33)-C(34)  1.391(3) 
C(33)-C(41)  1.509(3) 
C(34)-H(34A)  0.9500 
C(35)-C(40)  1.391(3) 
C(35)-C(36)  1.396(3) 
C(36)-C(37)  1.386(3) 
C(36)-H(36A)  0.9500 
C(37)-C(38)  1.381(4) 
C(37)-H(37A)  0.9500 
C(38)-C(39)  1.379(4) 
C(38)-H(38A)  0.9500 
C(39)-C(40)  1.382(4) 
C(39)-H(39A)  0.9500 
C(40)-H(40A)  0.9500 
C(41)-H(41A)  0.9800 
C(41)-H(41B)  0.9800 
C(41)-H(41C)  0.9800 
B(1)-F(1)  1.423(5) 
B(1)-F(2)  1.362(6) 
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B(1)-F(3)  1.356(6) 
B(1)-F(4)  1.369(5) 
O(1)-C(1S)  1.401(3) 
O(1)-H(1O)  0.8400 
C(1S)-H(1S1)  0.9800 
C(1S)-H(1S2)  0.9800 
C(1S)-H(1S3)  0.9800 
 
N(2)-C(1)-N(1) 113.80(16) 
N(2)-C(1)-H(1A) 123.1 
N(1)-C(1)-H(1A) 123.1 
N(1)-C(2)-C(17) 113.20(13) 
N(1)-C(2)-C(3) 102.35(13) 
C(17)-C(2)-C(3) 113.26(13) 
N(1)-C(2)-H(2A) 109.3 
C(17)-C(2)-H(2A) 109.3 
C(3)-C(2)-H(2A) 109.3 
N(2)-C(3)-C(23) 112.12(13) 
N(2)-C(3)-C(2) 101.96(13) 
C(23)-C(3)-C(2) 115.12(14) 
N(2)-C(3)-H(3A) 109.1 
C(23)-C(3)-H(3A) 109.1 
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C(2)-C(3)-H(3A) 109.1 
C(9)-C(4)-C(5) 122.30(16) 
C(9)-C(4)-N(1) 117.65(16) 
C(5)-C(4)-N(1) 119.99(15) 
C(4)-C(5)-C(6) 116.76(17) 
C(4)-C(5)-C(10) 123.40(16) 
C(6)-C(5)-C(10) 119.80(17) 
C(7)-C(6)-C(5) 121.37(19) 
C(7)-C(6)-H(6A) 119.3 
C(5)-C(6)-H(6A) 119.3 
C(6)-C(7)-C(8) 121.31(18) 
C(6)-C(7)-H(7A) 119.3 
C(8)-C(7)-H(7A) 119.3 
C(7)-C(8)-C(9) 118.15(18) 
C(7)-C(8)-C(16) 121.41(18) 
C(9)-C(8)-C(16) 120.42(19) 
C(4)-C(9)-C(8) 120.07(17) 
C(4)-C(9)-H(9A) 120.0 
C(8)-C(9)-H(9A) 120.0 
C(11)-C(10)-C(15) 118.86(18) 
C(11)-C(10)-C(5) 122.08(18) 
C(15)-C(10)-C(5) 119.03(17) 
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C(10)-C(11)-C(12) 119.9(2) 
C(10)-C(11)-H(11A) 120.0 
C(12)-C(11)-H(11A) 120.0 
C(13)-C(12)-C(11) 120.6(2) 
C(13)-C(12)-H(12A) 119.7 
C(11)-C(12)-H(12A) 119.7 
C(14)-C(13)-C(12) 119.7(2) 
C(14)-C(13)-H(13A) 120.1 
C(12)-C(13)-H(13A) 120.1 
C(13)-C(14)-C(15) 120.1(2) 
C(13)-C(14)-H(14A) 119.9 
C(15)-C(14)-H(14A) 119.9 
C(14)-C(15)-C(10) 120.8(2) 
C(14)-C(15)-H(15A) 119.6 
C(10)-C(15)-H(15A) 119.6 
C(8)-C(16)-H(16A) 109.5 
C(8)-C(16)-H(16B) 109.5 
H(16A)-C(16)-H(16B) 109.5 
C(8)-C(16)-H(16C) 109.5 
H(16A)-C(16)-H(16C) 109.5 
H(16B)-C(16)-H(16C) 109.5 
C(18)-C(17)-C(22) 119.11(16) 
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C(18)-C(17)-C(2) 120.44(15) 
C(22)-C(17)-C(2) 120.40(15) 
C(19)-C(18)-C(17) 120.94(17) 
C(19)-C(18)-H(18A) 119.5 
C(17)-C(18)-H(18A) 119.5 
C(20)-C(19)-C(18) 119.61(17) 
C(20)-C(19)-H(19A) 120.2 
C(18)-C(19)-H(19A) 120.2 
C(19)-C(20)-C(21) 120.33(17) 
C(19)-C(20)-H(20A) 119.8 
C(21)-C(20)-H(20A) 119.8 
C(20)-C(21)-C(22) 120.31(18) 
C(20)-C(21)-H(21A) 119.8 
C(22)-C(21)-H(21A) 119.8 
C(21)-C(22)-C(17) 119.68(16) 
C(21)-C(22)-H(22A) 120.2 
C(17)-C(22)-H(22A) 120.2 
C(28)-C(23)-C(24) 120.2(2) 
C(28)-C(23)-C(3) 119.55(19) 
C(24)-C(23)-C(3) 120.27(17) 
C(23)-C(24)-C(25) 118.7(2) 
C(23)-C(24)-H(24) 120.6 
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C(25)-C(24)-H(24) 120.6 
C(26)-C(25)-C(24) 120.5(3) 
C(26)-C(25)-H(25) 119.7 
C(24)-C(25)-H(25) 119.7 
C(27)-C(26)-C(25) 120.2(2) 
C(27)-C(26)-H(26) 119.9 
C(25)-C(26)-H(26) 119.9 
C(26)-C(27)-C(28) 120.1(3) 
C(26)-C(27)-H(27) 120.0 
C(28)-C(27)-H(27) 120.0 
C(27)-C(28)-C(23) 120.3(3) 
C(27)-C(28)-H(28) 119.9 
C(23)-C(28)-H(28) 119.9 
C(34)-C(29)-C(30) 122.25(16) 
C(34)-C(29)-N(2) 117.78(16) 
C(30)-C(29)-N(2) 119.96(16) 
C(29)-C(30)-C(31) 116.4(2) 
C(29)-C(30)-C(35) 121.66(16) 
C(31)-C(30)-C(35) 121.98(19) 
C(32)-C(31)-C(30) 121.7(2) 
C(32)-C(31)-H(31A) 119.1 
C(30)-C(31)-H(31A) 119.1 
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C(31)-C(32)-C(33) 121.14(19) 
C(31)-C(32)-H(32A) 119.4 
C(33)-C(32)-H(32A) 119.4 
C(32)-C(33)-C(34) 118.3(2) 
C(32)-C(33)-C(41) 121.6(2) 
C(34)-C(33)-C(41) 120.1(2) 
C(29)-C(34)-C(33) 120.2(2) 
C(29)-C(34)-H(34A) 119.9 
C(33)-C(34)-H(34A) 119.9 
C(40)-C(35)-C(36) 119.0(2) 
C(40)-C(35)-C(30) 120.6(2) 
C(36)-C(35)-C(30) 120.35(19) 
C(37)-C(36)-C(35) 120.2(2) 
C(37)-C(36)-H(36A) 119.9 
C(35)-C(36)-H(36A) 119.9 
C(38)-C(37)-C(36) 120.4(2) 
C(38)-C(37)-H(37A) 119.8 
C(36)-C(37)-H(37A) 119.8 
C(39)-C(38)-C(37) 119.3(2) 
C(39)-C(38)-H(38A) 120.3 
C(37)-C(38)-H(38A) 120.3 
C(38)-C(39)-C(40) 121.0(2) 
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C(38)-C(39)-H(39A) 119.5 
C(40)-C(39)-H(39A) 119.5 
C(39)-C(40)-C(35) 120.0(2) 
C(39)-C(40)-H(40A) 120.0 
C(35)-C(40)-H(40A) 120.0 
C(33)-C(41)-H(41A) 109.5 
C(33)-C(41)-H(41B) 109.5 
H(41A)-C(41)-H(41B) 109.5 
C(33)-C(41)-H(41C) 109.5 
H(41A)-C(41)-H(41C) 109.5 
H(41B)-C(41)-H(41C) 109.5 
C(1)-N(1)-C(4) 125.77(15) 
C(1)-N(1)-C(2) 110.41(14) 
C(4)-N(1)-C(2) 122.77(14) 
C(1)-N(2)-C(29) 124.08(15) 
C(1)-N(2)-C(3) 111.03(14) 
C(29)-N(2)-C(3) 124.72(14) 
F(3)-B(1)-F(2) 106.4(4) 
F(3)-B(1)-F(4) 111.6(4) 
F(2)-B(1)-F(4) 111.9(4) 
F(3)-B(1)-F(1) 110.2(4) 
F(2)-B(1)-F(1) 102.0(3) 
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F(4)-B(1)-F(1) 114.1(3) 
C(1S)-O(1)-H(1O) 109.5 
O(1)-C(1S)-H(1S1) 109.5 
O(1)-C(1S)-H(1S2) 109.5 
H(1S1)-C(1S)-H(1S2) 109.5 
O(1)-C(1S)-H(1S3) 109.5 
H(1S1)-C(1S)-H(1S3) 109.5 
H(1S2)-C(1S)-H(1S3) 109.5 
_____________________________________________________________  
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Table 4.   Anisotropic displacement parameters  (Å2x 103) for C41H35N2BF4.  The 
anisotropic displacement factor exponent takes the form:  -22[ h2 a*2U11 + ...  + 2 h k 
a* b* U12 ] 
________________________________________________________________________  
 U11 U22  U33 U23 U13 U12 
________________________________________________________________________  
C(1) 23(1)  20(1) 20(1)  3(1) 7(1)  10(1) 
C(2) 17(1)  16(1) 19(1)  2(1) 6(1)  7(1) 
C(3) 18(1)  15(1) 21(1)  1(1) 8(1)  7(1) 
C(4) 23(1)  15(1) 26(1)  3(1) 13(1)  6(1) 
C(5) 28(1)  20(1) 28(1)  7(1) 14(1)  12(1) 
C(6) 33(1)  29(1) 32(1)  13(1) 18(1)  15(1) 
C(7) 31(1)  29(1) 37(1)  13(1) 22(1)  11(1) 
C(8) 24(1)  22(1) 37(1)  4(1) 15(1)  5(1) 
C(9) 26(1)  23(1) 26(1)  4(1) 11(1)  8(1) 
C(10) 27(1)  26(1) 27(1)  11(1) 13(1)  15(1) 
C(11) 40(1)  38(1) 27(1)  12(1) 16(1)  27(1) 
C(12) 44(1)  62(2) 36(1)  19(1) 20(1)  41(1) 
C(13) 32(1)  62(2) 39(1)  18(1) 11(1)  30(1) 
C(14) 35(1)  42(1) 32(1)  6(1) 5(1)  20(1) 
C(15) 32(1)  34(1) 33(1)  7(1) 10(1)  21(1) 
C(16) 24(1)  36(1) 46(1)  8(1) 15(1)  5(1) 
page 301
C(17) 21(1)  16(1) 20(1)  4(1) 9(1)  8(1) 
C(18) 23(1)  23(1) 26(1)  0(1) 5(1)  13(1) 
C(19) 25(1)  23(1) 24(1)  1(1) 5(1)  8(1) 
C(20) 32(1)  20(1) 25(1)  -2(1) 13(1)  7(1) 
C(21) 31(1)  29(1) 40(1)  -1(1) 17(1)  16(1) 
C(22) 19(1)  24(1) 29(1)  -1(1) 7(1)  11(1) 
C(23) 34(1)  30(1) 24(1)  9(1) 15(1)  23(1) 
C(24) 38(1)  44(1) 26(1)  3(1) 8(1)  29(1) 
C(25) 64(2)  99(2) 26(1)  6(1) 9(1)  68(2) 
C(26) 113(3)  130(3) 42(1)  55(2) 51(2)  110(3) 
C(27) 99(2)  86(2) 66(2)  59(2) 64(2)  82(2) 
C(28) 56(1)  40(1) 51(1)  27(1) 38(1)  38(1) 
C(29) 33(1)  27(1) 24(1)  10(1) 16(1)  21(1) 
C(30) 32(1)  34(1) 29(1)  14(1) 17(1)  23(1) 
C(31) 46(1)  49(1) 47(1)  23(1) 31(1)  35(1) 
C(32) 66(2)  47(1) 43(1)  22(1) 38(1)  45(1) 
C(33) 68(2)  31(1) 29(1)  15(1) 29(1)  35(1) 
C(34) 42(1)  24(1) 24(1)  9(1) 18(1)  21(1) 
C(35) 22(1)  34(1) 39(1)  10(1) 15(1)  16(1) 
C(36) 32(1)  40(1) 36(1)  7(1) 12(1)  21(1) 
C(37) 31(1)  51(2) 42(1)  1(1) 8(1)  23(1) 
C(38) 24(1)  44(1) 60(2)  -3(1) 11(1)  15(1) 
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C(39) 27(1)  31(1) 77(2)  8(1) 21(1)  7(1) 
C(40) 28(1)  38(1) 54(1)  15(1) 20(1)  16(1) 
C(41) 93(2)  35(1) 36(1)  11(1) 36(1)  40(1) 
N(1) 20(1)  15(1) 23(1)  3(1) 11(1)  6(1) 
N(2) 23(1)  20(1) 20(1)  4(1) 9(1)  12(1) 
B(1) 32(1)  34(1) 31(1)  -2(1) 1(1)  5(1) 
O(1) 50(1)  33(1) 54(1)  12(1) 27(1)  23(1) 
C(1S) 58(2)  40(1) 46(1)  15(1) 26(1)  31(1) 
________________________________________________________________________
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Table 5.   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 10 
3) for C41H35N2BF4. 
________________________________________________________________________  
 x  y  z  U(eq) 
________________________________________________________________________  
  
H(1A) 2180 5602 5612 26 
H(2A) 842 8479 5122 22 
H(3A) 4242 9725 5412 22 
H(6A) 480 5650 9765 36 
H(7A) -2362 4709 8678 38 
H(9A) -1549 5948 5289 32 
H(11A) 3321 5433 7899 37 
H(12A) 6173 6440 9123 47 
H(13A) 7606 8581 10846 50 
H(14A) 6169 9667 11406 46 
H(15A) 3306 8630 10239 37 
H(16A) -4514 5124 6476 58 
H(16B) -4711 3485 6277 58 
H(16C) -4351 4476 5169 58 
H(18A) 4885 9922 7736 29 
H(19A) 6127 11995 9489 32 
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H(20A) 4682 13230 9705 34 
H(21A) 1992 12383 8191 38 
H(22A) 711 10274 6446 30 
H(24) 217 7165 2831 40 
H(25) -645 7592 659 64 
H(26) 1081 9787 80 80 
H(27) 3693 11528 1621 70 
H(28) 4598 11108 3769 45 
H(31A) 7517 7865 3842 46 
H(32A) 5838 5761 2126 48 
H(34A) 1746 5261 2820 32 
H(36A) 6575 8012 7076 41 
H(37A) 8187 10117 8843 50 
H(38A) 9282 12539 8407 54 
H(39A) 8884 12843 6200 57 
H(40A) 7328 10762 4423 47 
H(41A) 1344 3486 1099 71 
H(41B) 2883 3236 1195 71 
H(41C) 2527 4316 270 71 
H(1O) 542 3458 4139 64 
H(1S1) 1589 2450 3290 65 
H(1S2) 292 1115 3779 65 
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H(1S3) 2235 2041 4698 65 
________________________________________________________________________ 
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 Table 6.  Torsion angles [°] for C41H35N2BF4. 
________________________________________________________________  
N(1)-C(2)-C(3)-N(2) 5.01(15) 
C(17)-C(2)-C(3)-N(2) 127.23(14) 
N(1)-C(2)-C(3)-C(23) 126.64(15) 
C(17)-C(2)-C(3)-C(23) -111.14(16) 
C(9)-C(4)-C(5)-C(6) -1.3(3) 
N(1)-C(4)-C(5)-C(6) 175.78(17) 
C(9)-C(4)-C(5)-C(10) -179.04(18) 
N(1)-C(4)-C(5)-C(10) -2.0(3) 
C(4)-C(5)-C(6)-C(7) 1.5(3) 
C(10)-C(5)-C(6)-C(7) 179.33(19) 
C(5)-C(6)-C(7)-C(8) 0.0(3) 
C(6)-C(7)-C(8)-C(9) -1.7(3) 
C(6)-C(7)-C(8)-C(16) 176.8(2) 
C(5)-C(4)-C(9)-C(8) -0.4(3) 
N(1)-C(4)-C(9)-C(8) -177.50(17) 
C(7)-C(8)-C(9)-C(4) 1.8(3) 
C(16)-C(8)-C(9)-C(4) -176.6(2) 
C(4)-C(5)-C(10)-C(11) -69.7(3) 
C(6)-C(5)-C(10)-C(11) 112.6(2) 
C(4)-C(5)-C(10)-C(15) 112.4(2) 
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C(6)-C(5)-C(10)-C(15) -65.3(2) 
C(15)-C(10)-C(11)-C(12) -1.5(3) 
C(5)-C(10)-C(11)-C(12) -179.43(19) 
C(10)-C(11)-C(12)-C(13) -0.5(3) 
C(11)-C(12)-C(13)-C(14) 1.4(4) 
C(12)-C(13)-C(14)-C(15) -0.4(4) 
C(13)-C(14)-C(15)-C(10) -1.6(3) 
C(11)-C(10)-C(15)-C(14) 2.6(3) 
C(5)-C(10)-C(15)-C(14) -179.4(2) 
N(1)-C(2)-C(17)-C(18) 64.3(2) 
C(3)-C(2)-C(17)-C(18) -51.6(2) 
N(1)-C(2)-C(17)-C(22) -118.18(17) 
C(3)-C(2)-C(17)-C(22) 125.87(17) 
C(22)-C(17)-C(18)-C(19) -1.0(3) 
C(2)-C(17)-C(18)-C(19) 176.50(17) 
C(17)-C(18)-C(19)-C(20) 0.0(3) 
C(18)-C(19)-C(20)-C(21) 0.5(3) 
C(19)-C(20)-C(21)-C(22) 0.1(3) 
C(20)-C(21)-C(22)-C(17) -1.1(3) 
C(18)-C(17)-C(22)-C(21) 1.6(3) 
C(2)-C(17)-C(22)-C(21) -175.93(17) 
N(2)-C(3)-C(23)-C(28) -119.57(18) 
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C(2)-C(3)-C(23)-C(28) 124.48(18) 
N(2)-C(3)-C(23)-C(24) 58.5(2) 
C(2)-C(3)-C(23)-C(24) -57.4(2) 
C(28)-C(23)-C(24)-C(25) -0.6(3) 
C(3)-C(23)-C(24)-C(25) -178.68(18) 
C(23)-C(24)-C(25)-C(26) -0.6(3) 
C(24)-C(25)-C(26)-C(27) 1.1(4) 
C(25)-C(26)-C(27)-C(28) -0.4(4) 
C(26)-C(27)-C(28)-C(23) -0.7(3) 
C(24)-C(23)-C(28)-C(27) 1.3(3) 
C(3)-C(23)-C(28)-C(27) 179.35(18) 
C(34)-C(29)-C(30)-C(31) -1.6(3) 
N(2)-C(29)-C(30)-C(31) 179.09(17) 
C(34)-C(29)-C(30)-C(35) 178.90(17) 
N(2)-C(29)-C(30)-C(35) -0.4(3) 
C(29)-C(30)-C(31)-C(32) -0.3(3) 
C(35)-C(30)-C(31)-C(32) 179.24(19) 
C(30)-C(31)-C(32)-C(33) 1.6(3) 
C(31)-C(32)-C(33)-C(34) -1.1(3) 
C(31)-C(32)-C(33)-C(41) 177.1(2) 
C(30)-C(29)-C(34)-C(33) 2.1(3) 
N(2)-C(29)-C(34)-C(33) -178.54(17) 
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C(32)-C(33)-C(34)-C(29) -0.7(3) 
C(41)-C(33)-C(34)-C(29) -178.94(18) 
C(29)-C(30)-C(35)-C(40) -107.0(2) 
C(31)-C(30)-C(35)-C(40) 73.5(3) 
C(29)-C(30)-C(35)-C(36) 71.3(2) 
C(31)-C(30)-C(35)-C(36) -108.2(2) 
C(40)-C(35)-C(36)-C(37) 1.1(3) 
C(30)-C(35)-C(36)-C(37) -177.33(19) 
C(35)-C(36)-C(37)-C(38) 0.8(3) 
C(36)-C(37)-C(38)-C(39) -1.9(3) 
C(37)-C(38)-C(39)-C(40) 1.2(4) 
C(38)-C(39)-C(40)-C(35) 0.6(3) 
C(36)-C(35)-C(40)-C(39) -1.8(3) 
C(30)-C(35)-C(40)-C(39) 176.6(2) 
N(2)-C(1)-N(1)-C(4) 174.55(16) 
N(2)-C(1)-N(1)-C(2) 6.1(2) 
C(9)-C(4)-N(1)-C(1) -101.3(2) 
C(5)-C(4)-N(1)-C(1) 81.5(2) 
C(9)-C(4)-N(1)-C(2) 65.8(2) 
C(5)-C(4)-N(1)-C(2) -111.39(19) 
C(17)-C(2)-N(1)-C(1) -129.05(15) 
C(3)-C(2)-N(1)-C(1) -6.80(17) 
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C(17)-C(2)-N(1)-C(4) 62.1(2) 
C(3)-C(2)-N(1)-C(4) -175.67(14) 
N(1)-C(1)-N(2)-C(29) -177.84(15) 
N(1)-C(1)-N(2)-C(3) -2.4(2) 
C(34)-C(29)-N(2)-C(1) 62.1(2) 
C(30)-C(29)-N(2)-C(1) -118.50(19) 
C(34)-C(29)-N(2)-C(3) -112.71(19) 
C(30)-C(29)-N(2)-C(3) 66.7(2) 
C(23)-C(3)-N(2)-C(1) -125.74(15) 
C(2)-C(3)-N(2)-C(1) -2.06(17) 
C(23)-C(3)-N(2)-C(29) 49.7(2) 
C(2)-C(3)-N(2)-C(29) 173.37(14) 
________________________________________________________________  
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Table 7.  Hydrogen bonds for C41H35N2BF4  [Å and °]. 
________________________________________________________________________  
D-H...A d(D-H) d(H...A) d(D...A) <(DHA) 
________________________________________________________________________  
 O(1)-H(1O)...F(1)#1 0.84 2.39 3.158(6) 152.4 
 O(1)-H(1O)...F(4)#1 0.84 2.28 2.935(5) 135.0 
________________________________________________________________________  
Symmetry transformations used to generate equivalent atoms: #1 x-1,y,z       
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Chapter 4. Mechanistic Considerations for Metal-
Free Catalytic CSi Bond Formation in an 
Aqueous Medium 
4.1. Introduction. N-heterocyclic carbenes (NHCs) were first observed by 
Wanzlick in 1960, heating to 1,3-diphenyl-2-(trichloromethyl)imidazolidine (4.1 → 4.2, 
Scheme 4.1).118 He noted that NHCs exhibited unique reactivity: homodimerization can 
                                                            
(118) For initial disclosures on the formation of NHCs from stable imidazolidine precursors, and a 
description of its nucleophilicity see: (a) Wanzlick, H. W.; Schikora, E. Angewandte Chemie 1960, 72, 494. 
(b) Wanzlick, H. W.; Eberhard, S. Chem. Ber. 1961, 94, 23892393. For calculated dimerization energies 
for various carbenes, see: (c) Poater, A.; Ragone, F.; Giudice, S.; Costabile, C.; Dorta, R.; Nolan, S. P.; 
Cavallo, L. Organometallics 2008, 27, 26792681. For Arduengo’s initial disclosure of a stable N-
containing carbene, see: (d) Arduengo, A. J. J. Am. Chem. Soc. 1991, 113, 361363. 
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occur between unhindered NHCs to form stable dimers (e.g. 4.3), and they act as 
Brønsted bases in the presence of acidic protons, forming imidazolinium salts (4.4). 
Imidazolinium salts such as 4.4 are also suitable electrophiles, in the presence of a 
nucleophilic counterion, it can add to the iminium functionality to furnish hemiaminal 
ethers such as 4.5. A mixture of an imidazolinium salt and its corresponding carbene 
dimerized with a shared hydrogen bond between the heterocycles (a crystal structure of 
4.6 was obtained by Arduengo and co-workers in 1995119). The hemiaminal ethers 
produced from nucleophilic alkoxide additions to imidazolinium salts have been isolated 
and characterized, and X-ray data (4.8) solved by Enders and co-workers in 1995 
(Scheme 4.1)120 confirms the identity of the hemiaminal methyl ether. As discovered 
earlier by Wanzlick et al., Enders also observed that after heating 4.8 under vacuum, the 
stable carbene 4.9 (Ender’s carbene) was isolated. The reaction of NHCs with methyl 
iodine (4.10  4.11) alkylated the NHC, which underwent deprotonation by a strong 
base or an equivalent of carbene to form a mixture of 4.12 and 4.13.121 
                                                            
(119) Arduengo, A. J.; Gamper, S. F.; Tamm, M.; Calabrese, J. C.; Davidson, F. Craig, H. A. J. Am. Chem. 
Soc., 1995, 117, 572573. 
(120) For the isolation of NHC from its methanol adduct, X-ray crystal structure, calculations and reactivity 
studies of the nucleophilic carbene character, see: Enders, D.; Breuer, K.; Raabe, G.; Runsink, J.; Teles, J. 
H.; Melder, J-P.; Ebel, K.; Brode, S. Angew. Chem., Int. Ed. 1995, 10211023. 
(121) Arduengo, A. J.; Davidson, F.; Dias, H. V. R.; Goerlich, J. R.; Khasnis, D.; Marshall, W. J.; 
Prakasha, T. K. J. Am. Chem. Soc. 1997, 119, 1274212749. 
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 Nucleophilic and Lewis basic parameters of different NHCs were measured and 
calculated, respectively, in a 2011 publication by Mayr and co-workers (Scheme 4.2).122 
Kinetic exploration of the reactivity of NHCs with electrophiles demonstrated that NHCs 
4.20 and 4.10 exhibited higher second-order rate constants than dbu and DABCO 
(Scheme 4.2A). Saturated imidazolin-2-ylidene 4.10 was found to have the highest 
second-order rate constant of the nucleophiles screened, and both 4.10 and unsaturated 
imidazole-2-ylidene 4.20 demonstrated higher rates of nucleophilic addition when 
compared to Ender’s carbene (4.9).  
The Lewis basic nature of NHCs proved to be outstanding, especially compared 
to amines and phosphines. Methyl cation affinity (MCA, see Scheme 4.2B) was 
                                                            
(122) Maji, B.; Breugst, M.; Mayr, H. Angew. Chem., Int. Ed. 2011, 50, 69156919. 
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calculated for a range of NHCs and Lewis bases.123 NHCs were calculated to have the 
highest MCAs; saturated and unsaturated NHCs had comparable MCAs [768.9 kJ/mol 
(183.37 kcal/mol) for 4.10 and 767.2 kJ/mol (183.77 kcal/mol) for 4.20]. Of the NHCs 
studied, 4.9 had the lowest energy; even still, methyl dissociation for 4.9 was calculated 
to be 24.5 kcal/mol higher than it was for dbu and 22.4 kcal/mol higher than PPh3.  
4.1a. NHCs as Catalysts. NHCs have been identified as effective catalysts for 
organic synthesis due to their extraordinary reactivity with electrophiles. When the 
electrophile is an -unsaturated aldehyde (Scheme 4.3, 4.25), the resulting nucleophilic 
entity is known as the Breslow intermediate (4.26).124 Enamine 4.26 reacts in an 
                                                            
(123) MCAs were calculated using MP2/6-31+G(2d,p)//B98/6-31G(d) level of theory (Gaussian09). 
(124) Breslow described a unique mode of action for Thiamine (vitamin B1), hypothesizing that a 
nucleophilic intermediate forms at the thiazolium, the “Breslow intermediate,” see: Breslow, R. J. Am. 
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umpolung fashion with respect to C3 of 4.25, and some examples of organic syntheses 
that intercept Breslow intermediates are shown in Scheme 4.3.125 Enantiomerically 
enriched -substituted carbonyls can be accessed through diastereoselective epoxide- or 
aziridine- ring opening catalyzed by an NHC with a chiral proline-derived co-catalyst 
(4.29  4.33).126 -Amino or -hydroxy methyl esters 4.33 were typically isolated in 
high yield (6696% yield) and in high enantiopurity (96:4 to >98:2 er). NHCs can also be 
used to promote intramolecular cascade reactions, such as the domino Michael-Stetter-
Aldol reaction sequence shown in Scheme 4.3 which furnished functionalized spirocycle 
compounds such as 4.37.127 In these molecules, the NHC chemoselectively adds to an 
aryl aldehyde over an -unsaturated ketone, and the Breslow intermediate that is 
formed (4.36) is well-posed for intramolecular Michael addition. One of the drawbacks of 
utilizing the Breslow intermediate for chemical synthesis is that an aldehyde functionality 
must be present in the substrate for reactivity (e.g. intramolecular reaction to furnish 
4.37). The synthesis of complex aldehydes is not always straight-forward, and as a result, 
substrate scope is inherently limited to those that can be accessed synthetically. 
                                                                                                                                                                                 
Chem. Soc. 1958, 80, 37193726. Recently, NMR studies and characterization was carried out on these 
reactive intermediates: Berkessel, A.; Elfert, S.; Etzenbach-Effers, K.; Teles, J. H. Angew. Chem., Int. Ed. 
2010, 49, 71207124. 
(125) Recently, an aza-Breslow intermediate was isolated from carbene reaction with -unsaturated 
iminium derivatives. For a crystal structure and discussion, see: DiRocco, D. A.; Oberg, K. M.; Rovis, T. J. 
Am. Chem. Soc. 2012, 134, 61436145. For another isolated Breslow intermediate, see: Berkessel, A.; 
Elfert, S.; Etzenbach-Effers, K.; Teles, J. H. Angew. Chem., Int. Ed. 2010, 49, 71207124. 
(126) Hao, J.; Bjorn, G.; Lukasz, A.; Jørgensen, K. A. Org. Lett. 2010, 12, 50525055. 
(127) Eduardo, S-L.; Holmes, J. M.; Daschner, C. L. Gravel, M. Org. Lett. 2010, 12, 57725775. 
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4.1b. Saturated NHC Decomposition Pathway in the Presence of Water. 
Although NHCs form stable insertion products in alcohol solvents (e.g. 4.5 and 4.8, 
Scheme 4.1), the corresponding aminal ether adducts resulting from net carbene oxidative 
insertion into water OH bonds readily decompose. DFT calculations of the reaction of 
saturated, alkyl substituted NHC 4.21 with three equivalents of water was the subject of 
computational studies performed by Nyulaszi and co-workers (Scheme 4.4).128 The NHC 
hydrogen-bonds to water (4.38), activating the HOH bond for deprotonation, and the 
imidazolinium salt forms in situ (4.39). The resulting hydroxide counterion 
nucleophilically adds to the imidazolinium salt to form 4.40, which subsequently ring 
                                                            
(128) Holloczki, O.; Terleczky, P.; Szieberth, D.; Mourgas, G.; Gudat, D.; Nyulászi, L. J. Am. Chem. Soc., 
2011, 133, 780789. 
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opens to the formyl diamine 4.41. The overall process is thermodynamically favored 
(4.21  4.41 was calculated to be exergonic by 38.0 kcal/mol), and the activation energy 
for ring opening (ΔGǂ) was calculated to be 11.6 kcal/mol, energetically accessible at 
room temperature.  
4.1c. Reactivity of NHCs with Alkenes and Alkynes. The reactivity of NHCs with 
-systems as stoichiometric reagents has been studied. In 1995, Enders and co-workers 
observed that mixing 4.9 with electron-poor methyl maleate 4.42 furnished 
methylenetriazoline 4.45 in 68% yield.129 Their proposed mechanism is shown in Scheme 
4.5, whereby 4.9 first undergoes a [2 + 1] cycloaddition with the alkene of 4.42 to form 
an unisolable cyclopropyl spirocyclie 4.43. They propose that 4.43 ring-opens to 4.44 and 
tautomerizes to 4.45. Reactions with enynes to form spirocyclic intermediates and 
                                                            
(129) Enders, D. Breuer, K.; Raabe, G.; Runsink, J.; Teles, J. H.; Melder, J-P.; Ebel, K.; Brode, S. Angew. 
Chem., Int. Ed.  1995, 34, 10211023. 
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rearrangements of these spirocycles were also studied.130 Interestingly, when 4.46 is 
subjected to an NHC in the presence of an aldehyde, the carbene selectively reacts with 
4.46, and the resulting nucleophilic intermediate (cyclopropyl spirocycle or zwitterion, 
analogous to 4.43 and 4.44) then traps the aldehyde. Regaining aromaticity, 4.47 
undergoes ring-opening to furnish furan 4.48. It is not known whether the mechanism for 
this process involves a concerted [2 + 1] cycloaddition reaction or whether the reaction 
proceeds directly through a zwitterion intermediate such as 4.44; however recent studies 
may help shed light on this topic.131 According to a recent report, the structure and ring 
size of NHC determined its reactivity with acetylene: five-membered heterocyclic 
carbene 4.10 and six-membered 4.51 were subjected to acetylene under varying 
conditions and monitored for reactivity. When 4.10 is subjected to one equivalent of 
acetylene at -196 °C and brought to room temperature, (boiling point of acetylene=-81.8 °C, 
pKa=21.7132) the carbene oxidative insertion product 4.49 is isolated in 93% yield. 
Presumably, this transformation proceeds through a mechanism that involves the initial 
deprotonation of acetylene, followed by a nucleophilic addition of the sp-hybridized 
carbanion. If, instead, the six-membered NHC is reacted with acetylene at ambient 
temperature, the stable [2 + 1] cycloaddition cyclopropene product 4.52 is isolated in 
81% yield. These data suggest that the energetics and hyperconjugation of the carbene 
contribute to the distinct reactivities of carbenes with acetylene. 
                                                            
(130) For rearrangements of cyclic carbenes with alkynes, see: (a) Kuhn, N.; Fawzi, R.; Steimann, M.; 
Wiethoff, J.; Blaeser, D.; Boese, R. Naturforsch. B: Chemical Sciences  1995, 50, 17791784. (b) Nair, V.; 
Sreekumar, V. Bndu, S.; Suresh, E. Org. Lett. 2005, 7, 22972300. 
(131) Moerdyk, J. P.; Bielawski, C. W. J. Am. Chem. Soc. 2012, 134, 61166119. 
(132) For boiling point, see: Maas, O.; Wright, C. H. J. Am. Chem. Soc. 1921, 43, 10981111. Acidity 
measured in aqueous solution, see: Kreege, A. J.; Pruszynski, P. J. Org. Chem. 1991, 56, 48114815. 
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4.1d. Carbenes for Oxidative Insertion Pathways. NHCs are effective catalysts 
for a large range of chemical transformations, including ring-opening polymerization 
(ROP) reactions. In 2007, Waymouth and Hedrick showed that 4.10 could be used to 
activate strained four-membered ring lactone 4.53 through a mechanism that proposes a 
net carbene insertion into the weak carbon-oxygen bond to form spirocyclic intermediate 
4.54. The spirocycle initiator reacts with another equivalent of strained monomer 4.53 
and initiates chain growth.133 The resulting cyclic polymer 4.56 exhibited distinct 
material properties compared to 
acyclic analogues134 and commonly 
had a polydispersity index (PDI) close 
to one, suggesting a living 
polymerization.135 The mechanism for 
ROP was studied through the use of 
kinetics,136 and it was determined that 
the reaction was second order in 
monomer. These data suggested that a 
zwitterionic intermediate such as 4.55 
was formed reversibly in a first step. 
                                                            
(133) Kiesewetter, M. K.; Shin, E. J.; Hedrick, J. L.; Waymouth, R. M. Macromolecules 2010, 43, 
20932107. 
(134) McLeish, T. Science 2002, 297, 20052006. 
(135) PDI=weight average molecular weight divided by the number average molecular weight of a 
polymer, reflecting the distribution of individual molecular weights in a batch of polymers. As the polymer 
chains approach uniform chain length, the PDI approaches one. 
(136) Jeong, W.; Shin, E. J.; Culkin, D. A.; Hedrick, J. L.; Waymouth, R. M. J. Am. Chem. Soc. 2009, 131, 
48844891. 
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Initiator 4.54 was substantiated through the use of X-ray crystallography.137 
The same year, Bertrand and co-workers disclosed a study of carbene reactivity 
with a variety of silyl, boryl, and phosphoryl hydrides to form stable insertion products 
such as that shown in Scheme 4.7.138 Although the study primarily focused on the use of 
five-membered cyclic (alkyl)-(amino)carbenes (CAACs, see 4.57) for hydride insertion, 
five-membered NHCs were also studied and compared to the CAACs. Interestingly, 
                                                            
(137) Jeong, W.; Hedrick, J. L.; Waymouth, R. M. J. Am. Chem. Soc. 2007, 129, 84148415. 
(138) Frey, G. D.; Masuda, J. D.; Donnadieu, B.; Bertrand, G. Angew. Chem., Int. Ed. 2010, 49, 
94449447. 
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when 4.57 is combined with BH3 at room temperature, it forms a stable zwitterionic 
Lewis-base adduct 4.58; however, when 4.57 is exposed to pinacol borane, it forms the 
carbene insertion product 4.59. Presumably the increased steric interactions between the 
pinacol group on the boron and the large aryl group of the CAAC is the driving force for 
hydride migration following carbene association with the empty p-orbital on boron and is 
responsible for the observed differences in reactivity. Similarly, saturated NHC 4.62 was 
capable of formal oxidative insertions with silyl and phosphoryl hydrides, and crystal 
structures were obtained of the net carbene oxidative insertion products (4.60 and 4.61). 
Surprisingly, when 4.62 reacted with two equivalents of pinacolborane, the ring-opened 
product 4.63 was isolated. The identity of 4.63 was confirmed by X-ray crystallography; 
the mechanism for formation of 4.63 was not proposed.  
4.2. Enantioselective NHC-Catalyzed Silyl Conjugate Additions to Cyclic and 
Acyclic -Unsaturated Carbonyls.  In 2009, we reported a method for metal-free 
NHC-catalyzed pinacolato boron 
conjugate additions to cyclic and 
acyclic enones in the presence of 
B2(pin)2 (4.64, Scheme 4.8).
139 We 
proposed a mechanism in which an 
unsaturated NHC forms a Lewis 
base adduct 4.65 with 4.64 by association of the carbene generated in situ with the empty 
p-orbital of boron. According to DFT calculations at the M06L/6-31+G(d,p) level of 
                                                            
(139) Lee, K-s.; Zhugralin, A. R.; Hoveyda, A.H. J. Am. Chem. Soc. 2009, 131, 72537255. 
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theory, the BB bond in 4.65 was substantially weakened after NHC association (BDE of 
BB in 4.64 is 104.6 kcal/mol, 4.65 has a BDE of 62.6 kcal/mol). We postulated that the 
reaction of 4.65 with enone occurred in a concerted fashion (4.66  4.68), furnishing the 
-boryl boron enolate 4.68; the enolate was protonated during the aqueous work-up the 
-boryl ketone was isolated. 
Direct conjugate addition of silyl nucleophiles to form CSi bonds represents an 
important class of reactions for natural product synthesis and method development.140 
The synthetic utility of the functionalizable PhMe2Si group in organic molecules has 
stoked the development of (dimethylphenylsilyl) boronic acid pinacol ester, 
                                                            
(140) For examples of metal-catalyzed heteronucleophile conjugate additions, see: (a) Lee, K-s.; Hoveyda, 
A. H. J. Am. Chem. Soc. 2010, 132, 28982900. (b) O’Brien, J. M.; Lee, K-s.; Hoveyda, A. H. J. Am. 
Chem. Soc. 2010, 132, 1063010633. (c) Lee, J.-E.; Yun, J. Angew. Chem., Int. Ed. 2008, 47, 145147. (d) 
Lillo, V.; Prieto, A.; Bonet, A.; Diaz-Requejo, M. M.; Ramirez, J.; Perez, P. J.; Fernandez, E. 
Organometallics 2009, 28, 659662. (e) Sim, H.-S.; Feng, X.; Yun, J. Chem.Eur. J. 2009, 15, 19391943. 
For examples of the use of enantioenriched -silyl ketones in natural product synthesis, see: (f) Tietze, L. 
F.; Tolle, N.; Kratzert, D.; Stalke, D. Org. Lett. 2009, 11, 52305233. (g) Zhang, H.; Reddy, M. S.; 
Pheonix, S.; Deslongchamps, P. Angew. Chem. Int. Ed. 2008, 47, 12721275. For reviews of organosilanes 
as tools in synthesis, see: (h) Ohmura, T.; Suginome, M. Bull. Chem. Soc. Jpn. 2009, 82, 2949. (i) Chan, 
T. H,; Wang, D. Chem. Rev. 1992, 92, 9951006. For an example of use of chiral organosilanes for method 
development, see: (j) Landais, Y.; Robert, F.; Blanchard, N.; Mehta, G.; Desvergnes, V.; Beniazza, R. J. 
Org. Chem. 2011, 76, 791799. (k) Harb, H. Y.; Collins, K. D.; Garcia Altur, J. V.; Bowker, S.; Campbell, 
L.; Procter, D. J. Org. Lett. 2010, 12, 54465449. 
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PhMe2SiB(pin) 4.69, as a reagent for metal-catalyzed silyl conjugate additions.
141 
Initially, we hypothesized that the metal-free variant of silyl conjugate addition catalyzed 
by chiral NHCs developed in our laboratories (Scheme 4.9142) likely proceeds through 
silyl addition to -unsaturated carbonyls from a nucleophilic chiral silylating agent 
4.70 in an analogous mechanism to that shown in Scheme 4.8.   
4.2a. Optimization of the Reaction Conditions. Initial catalyst screening and 
optimization of metal-free solvent conditions demonstrated that the presence of methanol 
as an additive and an aqueous work-up were required for high efficiency and 
enantioselectivity (see Chapter 3). We hypothesized that water alone could be used as an 
additive to promote the reaction; indeed, when 2-cyclohexenone was reacted with 4.69 in 
                                                            
(141) For other methods for making -silyl carbonyl compounds, see: (a) Suginome, M.; Matsuda, T.; Ito, 
Y. J. Am. Chem. Soc. 2000, 122, 1101511016. (b) Kacprzynski, M. A.; Kazane, S. A.; May, T. L. Org. 
Lett. 2007, 9, 31873190. (c) Lipshutz, B. H.; Sclafani, J. A.; Takanami, T. J. Am. Chem. Soc. 1998, 120, 
40214022. (d) Hayashi, T.; Matsumoto, Y.; Ito, Y. J. Am. Chem. Soc. 1988, 110, 55795581. (e) Walter, 
C.; Auer, G.; Oestreich, M. Angew. Chem. Int. Ed. 2006, 45, 56755677. For reviews on organosilicon 
compounds in organic synthesis, see: (f) Chan, T. H.; Wang, D. Chem. Rev. 1992, 92, 9951006. (g) 
Buynak, J. D.; Geng, B. Organometallics 1995, 14, 31123115. (h) Ohmura, T.; Suginome, M. Bull. Chem. 
Soc. Jpn. 2009, 82, 2949. For PhMe2SiB(pin) synthesis see: (i) Suginome, M.; Matasuda, T, Uto, Y. 
Organometallics, 2000, 19, 46474649.  
(142) O’Brien, J.; Hoveyda, A. H. J. Am. Chem. Soc. 2011, 133, 77127715. See Chapter 3 for details. 
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the presence of 5 mol % 4.10 and 15 mol % dbu (4.19) in aqueous thf (3:1 water:thf), 
rac-4.74 was obtained in 95% isolated yield after three hours. Importantly, 
enantioselective silyl addition to 2-cyclohexenone with C2-symmetric carbene precursor 
4.71 proceeded to >98% conversion in one hour, and -silyl cyclohexanone 4.74 was 
isolated in 97% yield and 98:2 er (Scheme 4.10). The silyl conjugate addition reaction by 
optimal C2-symmetric carbene precursor 4.71 was applied to a variety of cyclic -
unsaturated enones and furnished the corresponding cyclic -silyl ketones in 50 to >98% 
yield and 85:15 to >98:2 er. The use of a cyclopentenone bearing a gem-dimethyl group 
at the -position afforded -silyl ketone 4.75 in 94.5:5.5 er. Acyclic ketones generally 
required higher catalyst loadings compared to cyclic substrates (7.512.5 mol %); 
electron-rich aryl-substituted substrates were more reactive than electron-poor substrates 
(compare 4.76, 94% yield with 5 mol % catalyst to 4.77, 6% conv with 7.5 mol % 
catalyst). Silyl conjugate additions to -unsaturated aldehydes (e.g. 4.78) afforded only 
1,4-silyl addition products (compared to metal-catalyzed processes in which 1,2-addition 
becomes competitive, see Chapter 3). 
4.2b. Mechanistic Inquiries. Since silylation of -unsaturated aldehydes 
afforded 1,4-addition products exclusively, this suggested silyl conjugate addition 
involving a Breslow intermediate is likely inoperative (vide supra, Scheme 4.3).143 
Therefore, in order to gain insight to the mechanism for enantioselective NHC-catalyzed 
                                                            
(143) See Scheme 4.3. For representative NHC-catalyzed reactions with -unsaturated aldehydes, see: (a) 
Burstein, C.; Glorius, F. Angew. Chem., Int. Ed. 2004, 43, 62056208. (b) Sohn, S. S.; Rosen, E. L.; Bode, 
J. W. J. Am. Chem. Soc. 2004, 126, 1437014371. (c) Chan, A.; Scheidt, K. A. Org. Lett. 2005, 7, 
905908. (d) Sohn, S. S.; Bode, J. W. Org. Lett. 2005, 7, 38733876.  
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silyl conjugate additions, we monitored the process through NMR analysis. We 
hypothesized that the need for water as a co-solvent in the reaction mixture was that 
hydrolysis of 4.69 was necessary for the sterically bulky chiral NHC 4.71 to associate 
with the boron atom (e.g. 4.70, Scheme 4.9).144 11B NMR experiments supported this 
hypothesis: the reaction of 4.69 with optimal catalyst 4.71 and three equivalents of 4.20 
in d8-thf resulted in no reaction within 0.5 h (see Scheme 4.11, a single peak at  33.38 
ppm is observed, which corresponds to 4.69). However, when a smaller NHC was used 
under 
                                                            
(144) For association of a phosphine with the less hindered boron atom in a diboron species, see: 
Braunschweig, H.; Damme, A.; Jimenez-Halla, J. O. C.; Kupfer, T.; Radacki, K. Angew. Chem., Int. Ed. 
ASAP. 
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otherwise identical conditions, the signal at  33.38 ppm completely disappeared, and a 
new sharp singlet at  8.10 ppm was observed after 20 minutes. This was not due to 
association of 4.19 with 4.69: 11B NMR control experiments showed no association of the 
amine with boron in d8-thf. When six equivalents of water and 4.19 were used in the 
presence of one equivalent of 4.71, a new signal at  7.01 ppm was observed within five 
minutes, perhaps indicative of the NHC4.69 Lewis base adduct 4.81. 
4.3. Radical Trap Studies. One of the first mechanisms that we considered was a 
radical-initiated mechanism, a hypothesis based on a substantial body of work done in the 
area of NHC-boryl complexes serving as sources for boryl radical species.145 The BDE 
for the PhMe2SiB(pin)NHC complex was calculated to be 48.4 kcal/mol, lower than that 
calculated for unactivated 4.69 (88.6 kcal/mol); the presence of a weakened SiB bond in 
the NHC complex suggested that homolytic bond cleavage was feasible.146 Thus, we 
examined conjugate silylation to cyclopropane-containing substrates, designed to act as a 
radical trap. If a radical was generated during the course of the reaction, the strained 
cyclopropane moiety at the -position would ring-open (see 4.854.88, Scheme 4.12). 
                                                            
(145) For examples of EPR and computational studies of NHC-boryl radicals, see: Walton, J. C.; Brahim, 
M. M.; Monott, J.; Fensterbank, L.; Malacria, M.; Curran, D. P.; Lacôte, E. J. Am. Chem. Soc. 2011, 133, 
1031210321 and references therein. Also, see: Ueng, S.-H.; Brahmi, M. M.; Derat, É.; Fensterbank, L.; 
Lacôte, E.; Malacria, M.; Curran, D. P. J. Am. Chem. Soc. 2008, 130, 1008210083. 
(146) Zhugralin, A. Thesis, 2011. 
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Since 4.88 was neither observed nor isolated (24% isolated yield of the -silyl ketone 
4.86 exclusively) it must be the case that the rate of any cyclopropane ring opening was 
much slower than the rate of enolate protonation, and a dominant reaction pathway 
involving a radical mechanism was ruled out. Use of -cyclopropyl enone 4.87 for 
silylation resulted in <2% conversion. 
4.4. Elucidation of Mechanism through Experimental Studies with Electron-
deficient Enone. Since a radical mechanism was ruled out as an unlikely pathway for 
enantioselective silylation, we performed a series of experiments to optimize conditions 
for silyl addition to an inefficient substrate, electron-deficient 4.89. Interestingly, with a 
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stoichiometric quantity of 4.19, the enantioselective silyl conjugate addition to 4.89 
proceeded to completion at room temperature within three hours (Scheme 4.13A). In 
addition, an experiment where an equimolar quantity of electron-rich -unsaturated 
ketone 4.72 and electron-poor enone 4.89 in the presence of 7.5 mol % 4.71 yielded a 
surprise: silyl addition to 4.89 cleanly afforded -silyl ketone 4.77 efficiently and with 
high enantioselectivity (>98% conv and 96:4 er, Scheme 4.13B). In the absence of 4.72, 
the reaction proceeded to only 6% conversion with 7.5 mol % catalyst 4.71 (See Chapter 
3, <2% conv with 5 mol % 4.71). In addition, when 4.89 was reacted with a minimal 
quantity of water (three equivalents), -silyl ketone 4.77 was isolated in 86% yield and 
87:13 er. When a 1:3 mixture of thf and methanol was used as the reaction solvent, 39% 
conversion to product was observed, and the isolated product was obtained in 85:15 er 
(Scheme 4.13C). 
 4.4a. Elucidation of Mechanism through the Study of the Kinetics of Electron-
Deficient Ketone. To gain more insight into the reaction mechanism, we probed the 
kinetics of the silylation of 4.89 through the use of 1H NMR analysis. The first parameter 
that we explored was the dependence of the rate of conjugate addition on the electron-
deficient enone 4.89. Pseudo-first order reaction conditions were applied (ten equivalents 
of 4.69, 4.19 and water, Scheme 4.14). Kinetics experiments were performed under dilute 
conditions (0.0191 M) to ensure that kinetic data could be accurately obtained; the results 
of these experiments are shown in Chart 4.1. Under these conditions, the order of the 
reaction was clearly determined to be rate=–d[4.89]/dt= kobs and it can be concluded that 
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4.89, under these conditions, is not involved in the rate determining step of the catalytic 
cycle, and that NHC-catalyzed silyl conjugate addition is zero order in 4.89. 
       
 
4.4b. Rate Dependence on Catalyst. With the knowledge that conjugate silylation 
is zero order in 4.89, we then determined the rate dependence of conjugate silylation on 
the carbene by varying the concentrations of imidazolinium salt 4.90a. The kobs was 
determined from the plots of [4.89] vs time for three different experiments in which the 
catalyst loading was varied (3.75, 7.5 and 15 mol %). The rate dependence on 4.90a was 
found to follow the equation –d[4.89]/dt=kobs[4.90a] (Chart 4.2).  
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Chart 4.1. [4.89] vs time 
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4.4c. Rate Dependence on PhMe2SiB(pin). We next investigated the rate dependence 
of conjugate silylation on PhMe2SiB(pin) concentration, [4.69]. Upon doubling and 
quadrupling the concentration of PhMe2SiB(pin), the rate accordingly doubled and 
quadrupled according to the relationship –d[4.89]/dt=kobs[4.69]. Thus, the reaction 
exhibited a first-order rate dependence with respect to [4.69].  
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4.4c. Rate Dependence on dbu. Next we determined the order dependence of the 
reaction when one equivalent or more of dbu is used relative to 4.89. When [4.89] vs time 
plots were analyzed for one, two, and four equivalents of dbu, the rate of disappearance 
of starting material showed a zero order relationship with dbu concentration, indicating 
that the rate of the reaction is independent of dbu concentration when used as a 
stoichiometric reagent. The data for determining the order in dbu is shown in Chart 4.4. 
 
4.4d. Rate Dependence on Water. Similarly, the rate of the reaction was 
uninfluenced by the concentration of water (three, six, and twelve equivalents were used). 
Data for determination of zero order dependence on water is shown in Chart 4.5. 
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4.4e. Overall Rate of the Reaction and Derivation of Rate Law. We next 
calculated the overall rate law for NHC-catalyzed silyl conjugate addition. Kinetic studies 
revealed that the conjugate silylation was first order in PhMe2SiB(pin) (4.69) and carbene 
(4.90b), and because 4.69 is hydrolyzed under the reaction conditions, we would expect 
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an overall second order reaction with a rate law consistent with the equation 
d[4.77]/dt=kobs[4.80][4.90b] (see Figure 4.1). The calculated energy barrier for 
association of 4.90b with 4.80 was low compared to the energy for carbene insertion into 
the SiB bond (12 kcal/mol vs 29 kcal/mol respectively, calculated at the B3LYP method 
and the 6-31G* basis set, geometries optimized in thf simulated by PCM method). 
Therefore, the rate determining step was determined to be the carbene insertion into the 
SiB bond of 4.80. Our kinetic data was explained by treating the association of 4.90b 
and 4.80 as well as the silyl migration to 4.92 as reversible steps (Equations 1 and 2, 
Figure 4.1), and the rate of 4.77 formation as an irreversible fast step (Equation 3, Figure 
4.1).  
The derivation of the rate law for the reaction of electron-deficient enone 4.89 
with stoichiometric quantities of 4.19, 4.69 and water is shown in Figure 4.2. The rate 
law was derived by applying two consecutive steady-state approximations of the NHC-
containing intermediates shown in Figure 4.1; solving for [4.91] and [4.92] and 
substituting these formulas into Equation 3 of Figure 4.2, the rate law simplified to 
d[4.77]/dt = kobs[4.90b][4.80]. In the final rate equation, the rate of the reaction is 
proportional only to 4.80 and 4.90b, as in the empirical rate law, where kobs was a 
complex quotient of rate constants, Figure 4.2. 
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 4.5. Proposed Catalytic Cycle. Since kinetics indicated that the rate-determining 
step in the catalytic cycle was the carbene insertion into the SiB bond, we set out to 
ascertain the mode of silylation in NHC-catalyzed silyl conjugate addition as well as a 
stereochemical model through a combination of experimentation supported by DFT 
calculations. The proposed mechanistic pathway is illustrated in Figure 4.3. The catalytic 
cycle can be broken down into three main chemical events, each of which merits its own 
discussion. The three components of the reaction are as follows: (1) 4.69 is hydrolyzed to 
the boronic acid 4.80 in the basic thf/H2O solvent mixture; (2) the carbene associates with 
the empty p-orbital of boron 4.91 and inserts into the weakened BSi bond to form the 
insertion product 4.92; and (3) the CB bond is cleaved and the resulting chiral silylating 
agent facilitates enantioselective silicon transfer to the -position of the enone. 
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4.5a. Hydrolysis of Pinacol and the Roles of dbu. The organic base 4.19 has 
three important roles that are critical for silylation to occur: (1) Brønsted base to generate 
the carbene in situ (Figure 4.4A); (2) phase transfer reagent to supply water to the organic 
layer for pinacol hydrolysis (Figure 4.4B); and (3) Brønsted acid for activation of the 
carbonyl for silyl addition (4.100, Figure 4.4C). Initially, all organic components were 
combined in a concentrated solution in dry and degassed thf, and upon addition of 4.19, 
the solution became clear and yellow. 1H NMR studies indicate that the carbene resulting 
from three equivalents 4.19 and 4.71 was generated instantaneously (>98% conv to 4.96 
within fifteen minutes, Figure 4.4A).147 When water was added and the two layers were 
allowed to vigorously stir to form an emulsion, the pinacol group from 4.69 was 
                                                            
(147) 4.69 is an insoluble oil in water; when it is suspended in water, there was <2% conversion to 
hydrolysis products after 12 h. The physical appearance of this mixture is biphasic, and we reason that the 
hydrophobicity of the reagent protects it from hydrolysis under these conditions.  
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hydrolyzed and formed the boronic acid148 (4.694.80, Figure 4.4B). We posit that the 
hydrolysis in the organic layer was initiated by hydroxide that enters the organic layer in 
an organic form such as 4.98.  
We obtained a crystal structure of the major byproducts of silylation: a bis-
pinacoloto149 boronate-dbu salt co-crystallized with a molecule of boric acid hydrogen-
bonded 4.103. The crystals were fortuitously obtained after a kinetic NMR experiment 
designed for pseudo-first order conditions in d8-thf (therefore an excess of 4.69, 4.19, and 
water were used). The X-ray crystal structure 4.103 and isolation of these products 
suggested that over the course of the reaction, free pinacol 4.104 and bispinacoloto borate 
4.105 were formed as a result of the hydrolysis of 4.69 to 4.80.  
                                                            
(148) Free pinacol is observed within two minutes of water addition under the reaction conditions, 
monitored by 1H NMR analysis in d8-thf with three equivalents of water added. 
(149) Kleeberg, C.; Crawford, A. G.; Batsanov, A. S.; Hodgkinson, P.; Apperley, D. C.; Chueng, M. S.; 
Lin, Z.; Marder, T. J. Org. Chem. 2012, 77, 785789. 
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4.5b. Dbu as a Phase Transfer Agent and Log P Study. In order to study how 
4.19 was acting as a phase transfer agent under the biphasic conditions, experiments were 
performed by varying the base source. When silylation was run with pre-basified water 
and a catalytic quantity of 4.19,150 the conversion of electron-deficient enone 4.89 to 4.77 
was not improved.151 The fact that increasing the [-OH] in the aqueous layer does not 
improve silylation efficiency was evidence that the inorganic hydroxide was prohibited 
from interacting with the hydrophobic organic components when the solvent layers were 
highly partitioned. Since we propose that hydroxide has a number of critical roles in the 
catalytic cycle (Figure 4.3), 4.19 was tested as a phase transfer reagent by examining the 
effect of the log P value152 of the organic base under biphasic conditions (Figure 4.5). 
 Four amine bases with similar pKas and varying log P values were screened for 
                                                            
(150) Water pH=8.5, 10 or 12 at time of addition (solution prepared by a mixture of NaOH in water). 
(151) Data not shown, 12% conv to -silyl ketone after 8 h. 
(152) Partition Coefficient, log P = log Poct/water = log([solute]oct/[solute]un-ionized water) 
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efficiency of silylation. Di(n-butyl)amine 4.106, with a high positive log P value of 
2.83153 (pKa=11.3 in H2O
154), is lipophilic and has very low solubility in water. As a 
result, conversion to 4.77 was very low (9.4 % conv), but the enantioenrichment of the 
isolated -silyl ketone isolated was high (94:6 er).  This data can be explained when the 
heterogeneity of the reaction medium is considered: the organic and aqueous layers are 
highly partitioned, and because the amine mainly resides in the organic layer, background 
reaction does not occur.155  
Employing a base with a negative log P (more partitioned in the water layer than 
the organic), also resulted in a diminishment of efficiency of the reaction but also 
exhibited diminution of enantioselectivity. When methyl diethanolamine 4.108 (log P=-
0.619,156 pKa=8.6 in H2O
157) was used as a base, there was 17% conversion to 4.77 and 
the -silyl ketone was obtained in 85:15 er. The loss of efficiency in this case is likely 
due to the increased level of homogeneity of the organic and aqueous phases, which leads 
to rapid decomposition of the carbene.158 Of the product that did form, background 
silylation catalyzed by formamide (vide infra), excess hydroxide, or 4.108 could 
contribute to the formation of racemic 4.77 and the lower enantioselectivity.  
                                                            
(153) For a comprehensive table for log P values of organic compounds, see: Sangster, J. J. Phys. Chem. 
Ref. Data 1989, 18, 11111230. 
(154) Hall, H. K. J. Am. Chem. Soc. 1957, 79, 54415444. 
(155) Under heterogeneous reaction conditions (1:3 thf:H2O), there is <2% conversion to product when 
NHC is excluded from the reaction. However, during the course of studying the kinetics of the reaction of 
p-CF3 phenylbutenone under homogeneous reaction conditions (5 equiv H2O added), background reaction 
is highly competitive (86% conversion to racemic product in 33 minutes without NHC). 
(156) Predicted data generated using the ACD/PhysChem Suite Software. 
(157) Hamborg, E. S.; Niederer, J. P. M.; Versteeg, G. F. J. Chem. Eng. Data 2007, 52, 24912502. 
(158) The reaction mixture still appears biphasic and the formamide decomposition product of the carbene 
with water is also capable of catalysis. See section 4.6b.  
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Amine additives screened that had small, positive log P values included 4.19 (log 
P=1.31,35 pKa=11.6 in H2O
159) and pyrrolidine 4.107 (log P=0.46,35 pKa=11.3 in 
H2O
160), and were the most efficient for silylation (>98% conv and 70% conv, 
respectively). 
Interestingly, in the 
case of pyrrolidine, 
a significant 
amount of the 
saturated 
protodesilylated 
product 4.109 was 
observed in 
addition to 4.77 
(4.8:1 -silyl 
ketone:saturated 
ketone). In this 
case, the presence of an excess organic hydroxide may have been responsible for the 
desilylation of 4.77 (Scheme 4.15).  
4.6. Background Reactions and Studies on the Formation of the Saturated 
Ketone. Saturated 4.109, although typically not isolated as a byproduct of silylation in 
                                                            
(159) Nakatani, K.; Hashimoto, S. Yuki Gosei Kagaku Kyokaishi, 1975, 33, 925935. 
(160) Kudirka, R.; Devine, S. K. J.; Adams, C. S.; Van Vranken, D. L. Angew. Chem., Int. Ed. 2009, 48, 
36773680.  
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optimized biphasic conditions, was observed by 1H NMR in homogeneous reaction 
conditions (with ten equivalents of water in thf, Scheme 4.15). To probe the origin of the 
4.109 (i.e. whether it was generated from 4.89 or 4.77), we studied silylation in 
homogeneous conditions over 26 hours. Interestingly, as shown in Chart 4.7, the reaction 
of 4.89 to 4.77 proceeds with no new 1H NMR signals for 4.109 observed until after 4.88 
reached 42% conversion to 4.77 (at 1.5 h). At this point, the -silyl ketone 4.77 began to 
be consumed, and 4.109 was produced. -Unsaturated ketone 4.89 was no longer 
consumed after 4.77 began reacting to form 4.109, likely due to catalyst death. Although 
the mechanism 
for this 
transformation 
has not been 
fully studied in 
our laboratories, 
it was clear from 
the data that -silyl ketone 4.77 is converted to 4.109 once the catalytic pathway for silyl 
addition is no longer active; in fact, after 26 hours, the quantity of 4.109 surpassed that 
for 4.77 observable by 1H NMR in the homogenous thf/H2O solution.  
4.7. Water and C2-Symmetric Carbene Decomposition. Another consequence of 
using water as a co-solvent for NHC-catalyzed transformations is that there is a highly 
competitive decomposition process for  NHCs reacting with water, which likely proceeds 
through the mechanism discussed in Scheme 4.4. In aqueous solvent, the chiral NHC can 
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deprotonate water to reform the imidazolinium salt in situ, and then ring-open to form the 
chiral formyl diamine 4.110. As illustrated in Scheme 4.16, the decomposition of 
imidazolinium salt 4.71 occurred readily in the presence of water under homogeneous 
conditions in thf solvent (1:3 H2O:thf), and the identity of the formyl diamine was 
confirmed by X-ray crystallography. Interestingly, under the optimized heterogeneous 
conditions, 4.110 was also capable of catalyzing silyl conjugate addition to 
cyclohexenone (with 5 mol % 4.110, 52% conv to 4.74 in 3 h, Scheme 4.16). The -silyl 
cyclohexanone 4.74 that was isolated, however, is racemic (51:49 er). The mechanism for 
formamide-catalyzed silyl transfer has not yet been elucidated; however, it is reasonable 
to propose that the reaction may proceed through Lewis base activation of the boron at 
the formyl carbonyl oxygen, which can weaken the BSi bond and initiate silyl transfer. 
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4.8. Optimization of Reaction Conditions with Stoichiometric Quantities of dbu. 
A result of the role of dbu as a phase-transfer agent, the quantity of 4.19 present can have 
a profound effect on the efficiency for conjugate silylation of substrates that are 
themselves hydrophobic and change the polarity of the organic layer. The concentration 
of 4.19 was optimized for substrates that delivered the corresponding -silyl carbonyls in 
low yields under the previous catalytic conditions; these results are shown in Table 4.1. 
Increasing [4.19] also increased [4.98] and therefore the [-OH] in the organic layer. 
According to the catalytic cycle, if there is a shortage of 4.98, the amount of pinacol 
hydrolysis (4.694.80), formation of the requisite carbene 4.96, and cleavage of the CB 
bond to form 4.93 is limited. Increasing [4.19] for difficult substrates should therefore 
also increase the efficiency of silylation (Table 4.1).  
Data for enantioselective silyl conjugate addition with increased [4.19] for a range 
of cyclic substrates is summarized in Table 4.1. As previously mentioned, silyl conjugate 
addition to cyclohexenone proceeded efficiently with high enantioselectivity with 15 mol 
% dbu (4.74, >98% conv, 98:2 er, Scheme 4.10, also see Chapter 3). However, when the 
amount of 4.19 was increased to one equivalent at 22 °C, the enantioselectivity was 
diminished as well as conversion to -silyl ketone (72% conv, 83:17 er, Table 4.1 entry 
2). One effect of increasing [4.19] was that heightened levels of competing background 
conjugate silylation was observed. In an effort to decrease the rate of background reaction 
with one equivalent of 4.19, conjugate silylation was performed at 4 °C, and the 
enantioselectivity and conversion was improved (>98% conv, 70% yield, 98:2 er, entry 
4). When the catalyst loading was dropped to 2.3 mol % at this temperature, both 
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enantioselectivity and efficiency was diminished, likely due to catalyst decomposition or 
more background reaction (76% 
conv, 85:15 er, entry 3).  
However, substrates that 
under the original conditions 
suffered from low efficiency, -gem-dimethyl substituted cyclopentenone and 
dihydropyranone, one equivalent of 4.19 substantially improved the conversion to 4.75 
and 4.111, >98% (entries 5 and 7). Decreasing the temperature of the conjugate 
silylations resulted in a diminishment of efficiency in both cases but the enantiomeric 
ratio was improved (4.75, 96:4 er and 4.111, 92:8 er, entries 6 and 9).  
4.9. DFT Calculations of SiC Bond-forming Events and a Model for 
Enantioselectivity. In order to provide support for the catalytic cycle, we examined the 
energetics of accessing proposed intermediates through the use of DFT calculations. 
Since boric acid was 
isolated as a product of 
silylation, this suggested 
that 4.80 reacted with 
hydroxide to form the 
B(OH)3 observed at some 
point in the catalytic 
cycle.161 We predicted that 
                                                            
(161) See X-ray structure shown in Scheme 4.17, Section 4.5b of this chapter. 
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the formation of the requisite NHC-silyl anion would be feasible according to DFT 
calculations (4.924.112, Figure 4.17). 11B NMR experiments revealed that in basic 
aqueous conditions, hydroxide is capable of adding to boron (e.g. 4.83, Scheme 4.11); we 
therefore hypothesized that hydroxide formed from the reaction of 4.19 with water was 
capable of activating the boronic acid in 4.92 towards bond cleavage through association 
with the empty p-orbital of the sp2-hybridized boron atom (Figure 4.17, B3LYP method 
and the 6-31G* basis set, geometries optimized in thf simulated by PCM method). The 
calculated reaction coordinate diagram for this process is shown in Figure 4.7. 
Preliminary calculations support the intermediacy of a chiral NHC-silyl nucleophile 
4.112 formed in situ after cleavage of the BC bond. If a hydroxide unit is transferred to 
the Lewis acidic boronic acid, the CB bond is substantially weakened and cleaves to the 
catalytically active NHCsilyl anion 4.112. Newly-formed 4.112 can nucleophilically 
add to the -carbon of the enone, transfer silicon to the -position of the enone 
enantioselectively, and release the carbene to re-enter the catalytic cycle (vide infra, 
Figure 4.3). The process of forming 4.112 was energetically favored compared to 
calculated transition states of silylation occurring from the carbene insertion product 4.92 
directly162 and accounted for the high levels of enantioselectivity observed, since the 
reactive silylating reagent is itself a single enantiomer.  
                                                            
(162) Some of the other transition states considered for direct silylation from the inserted product included 
6-membered concerted cyclizations from 4.92, and an SN2-type addition. 
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The HOMO and 
LUMO calculations for 
4.112 are shown in Figure 
4.8. Interestingly, the 
HOMO 4.115 resides 
primarily over heterocyclic 
portion of the anion, and 
the carbene carbon is sp3-
hybridized, reflecting carbanion character. This suggests that the highest accumulation of 
charge resides on the carbon atom and is the most nucleophilic at this position of the 
complex. A result of these calculations, we propose that 4.112 is the most nucleophilic at 
the carbene carbon atom instead of the silicon atom. If the anionic species adds to the 
enone through at this carbon, the dimethylphenylsilyl group can be transferred to the 
enone in a concerted 1,2-shift.  
 The transition state for the 1,2-silyl migration is shown in Figure 4.9. The silyl 
migration likely 
proceeds through a 
three-membered 
ring transition state 
4.119 originating, 
which is kinetically 
accessable at room 
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temperature (the Gibbs free energy calculated with B3LYP/G-31+G* optimized in thf 
with the PCM solvation method to get from 4.118 to 4.119 is 21.8 kcal/mol). 
As shown in Scheme 4.18, the s-trans conformer of the enone is oriented so that 
the majority of the steric bulk on the carbonyl (G) fits into an open site of the catalyst and 
the group at the -position is oriented away from the backbone phenyl group (see 4.120). 
The dimethylphenylsilyl unit is therefore transferred to the re- face of the molecule, 
furnishing the -silyl ketone with (R)-stereochemistry at the silyl-bearing carbon 
stereogenic center. A surface energy diagram as well as calculations for the Gibbs free 
energy levels of the reactive intermediates outlined in the catalytic cycle (Figure 4.3) are 
currently underway. 
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4.10. Experimental Evidence for NHC-Silyl Anion. A potential problem for the 
proposal of the intermediacy of anionic 4.112 as the nucleophilic species is that silylation 
is performed in a polar, protic solvent. Therefore, a competing pathway for 4.112 is one 
in which 4.112 is protonated prior to adding to the enone. In order to address these 
concerns, we set out to independently synthesize the conjugate acid of the 4.112 and 
observe its reactivity in the optimized reaction conditions (Scheme 4.19). We found that, 
when 4.90a is exposed to LiSiMe2Ph, >98% of 4.90a was consumed and a new entity 
formed based on 1H NMR analysis of the unpurified reaction mixture, distinct from 4.90a  
and 4.90b. We postulated that the identification of this new entity corresponds to 4.121 in 
page 400
Scheme 4.19.163 If 4.121 was exposed to cyclohexenone in a catalytic quantity, 4.74 was 
isolated in 63% yield and 91:9 er. If 4.121 was used as a stoichiometric additive, under 
identical conditions, 4.74 was isolated with improved yield and enantioselectivity (79% 
yield, 93:7 er). The data suggested that the protonated entity was capable of re-entering 
the catalytic cycle, either by acting as a source of 4.90a or 4.90b, since it alone does not 
facilitate silyl transfer without 4.69 present. Confirmation of the identity of 4.121 is still 
in progress.  
                                                            
(163) When cyclohexenone was treated with LiSiMe2Ph alone, >98% conversion to polymerization or 
decomposition products was observed. When 4.90a was used as an NHC precursor under the typical 
catalytic conditions, the -silyl ketone was produced in 87% conv and 86:14 er.  
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4.11. Experimental Section. 
General.  
1
H NMR spectra were recorded on a Varian MR-400 (400 MHz) spectrometer. 
Chemical shifts are reported in ppm from tetramethylsilane with the solvent resonance as 
the internal standard (CDCl3: 7.26 ppm). 
13
C NMR spectra were recorded on a Varian 
MR-400 (100 MHz) spectrometer with complete proton decoupling. Chemical shifts are 
reported in ppm from tetramethylsilane with the solvent resonance as the internal 
standard (CDCl3: δ 77.16 ppm). 11B NMR were recorded on a Varian Unity INOVA 500 
(128 MHz) with BF3•(OEt)2 resonance as the external reference (0.0 ppm in d8-thf). Data 
are reported as follows: chemical shift, integration, multiplicity (s = singlet, d = doublet, t 
= triplet, q = quartet, sep = septet, bs = broad singlet, m = multiplet), and coupling 
constants (Hz). Infrared (IR) spectra were recorded on a Bruker FT-IR Alpha (ATR 
mode) spectrophotometer, max in cm-1. Enantiomer ratios were determined by HPLC 
analysis (Chiral Technologies Chiralpak AS-H (4.6 x 250 mm) Chiral Technologies 
Chiralpak AD-H, 4.6 x 250 mm, Chiral Technologies Chiralcel OD, 4.6 x 250 mm, 
Chiral Techologies Chiralpak AS, 4.6 x 250 mm) in comparison with authentic racemic 
materials. Optical rotations were measured on a Rudolph Research Analytical Autopol IV 
Polarimeter. High-resolution mass spectrometry was performed on a JEOL AccuTOF-
DART (positive mode) at the Mass Spectrometry Facility, Boston College. Unless 
otherwise noted, all reactions were carried out with distilled and degassed solvents under 
an atmosphere of dry N2 in oven- (135 ºC) or flame-dried glassware with standard 
vacuum-line techniques.  Tetrahydrofuran (thf) was purified by distillation from sodium 
benzophenone ketyl immediately prior to use. All work-up and purification procedures 
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were carried out in air. All solvents were purchased from Fisher. 
(Dimethylphenylsilyl)boronic acid pinacol ester [PhMe2SiB(pin), 4.69] was purchased 
from Aldrich and used as received. 2-Cyclooctenone and 8,9-dihydro-5H-
benzo[7]annulen-5-one were prepared based on a previously reported procedure.
164
 
Acyclic substrates were purchased from Aldrich distilled from CaH2 prior to use. (E)-4-
phenylbut-3-en-2-one (4.32) was purchased from Aldrich and recrystallized from hexanes 
prior to use. 1,8-Diazabicyclo[5.4.0]undec-7-ene (dbu, 4.20) was purchased from Aldrich 
and fractionally distilled (neat). Methanol was purchased from Acros and distilled from 
magnesium methoxide and deionized water was used directly from source. 
Representative Procedure for NHC–Catalyzed Enantioselective Conjugate Silyl 
Additions: An oven-dried vial (6.0 x 1.0 cm) equipped with a stir bar was charged with 
imidazolinium tetrafluoroborate salt 4.71 (9.6 mg, 0.015 mmol), fitted with a septum and 
purged with N2. Dbu was added to the vial by syringe (6.7 µL, 0.045 mmol), followed by 
PhMe2SiB(pin) (90 µL, 0.33 mmol), and the mixture was allowed to briefly stir (~ 5 
seconds) before adding a solution of 2-cyclohexenone (29 µL, 0.30 mmol in 0.25 mL thf 
(0.83 M)) by syringe, forming a clear orange solution. This was immediately followed by 
addition of water (0.75 mL, 0.4 M). After approximately one minute of stirring, the 
mixture became a light yellow, cloudy emulsion. The reaction vessel was then capped 
with a teflon-lined plastic cap and sealed with teflon tape before allowing to stir for 1 h at 
22 ºC. Pentane (5 mL) was added to the solution (to separate the imidazolinium salt from 
organic layer), and the resulting biphasic solution was allowed to stir for an additional 10 
                                                            
(164) Ito, Y.; Hirao, T.; Saegusa, T. J. Org. Chem. 1978, 43, 10111013. 
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minutes; the organic layer was separated, and the aqueous layer was washed with diethyl 
ether (3 x 5 mL). The organic layers were pooled, dried over magnesium sulfate, filtered, 
and concentrated in vacuo. The resulting clear oil was purified by silica gel 
chromatography (5:1 hexanes:Et2O, Rf = 0.3) to yield 68 mg (0.29 mmol, 97% yield) of 
(S)-3-(Dimethyl(phenyl)silyl)-cyclohexanone (4.64) as a colorless oil. 
1
H NMR (400 
MHz, CDCl3):  7.49-7.38 (2H, m), 7.38-7.35 (3H, m), 2.38-2.21 (3H, m), 2.17-2.06 (2H, 
m), 1.83-1.80 (1H, m), 1.72-1.67 (1H, m), 1.42 (1H, ddd, J = 25.6, 13.2, 3.6 Hz), 1.33-
1.26 (1H, m), 0.31 (2 x 3H, overlapping s). HRMS (ESI
+
) Calcd for C14H24NOSi [M + 
NH4]
+
: 250.1627, found: 250.1622. Optical Rotation: []D
20 –43.6 (c 1.02, CHCl3) for a 
sample with 96:4 er. The spectroscopic data match those reported previously, and the 
absolute configuration was assigned by analogy to 4.63 (See Chapter 3 Experimental 
Section).165 Enantiomeric purity was determined by HPLC analysis with authentic 
racemic material (98:2 er shown below; Chiralpak AS-H column (25 x 0.46 cm), 99.7:0.3 
hexanes:i-PrOH, 0.8 mL/min, 220 nm). 
                                                            
(165) Lee, K-s.; Hoveyda, A. H. J. Am. Chem. Soc. 2010, 132, 2898-2900. 
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 (E)-4-(4-(trifluoromethyl)phenyl)but-3-en-2-one (4.88). Prepared according to a 
previously reported procedure.
166
 Data match those reported previously.
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1
H NMR (400 
MHz, d8-thf):  7.82 (overlapping d, J = 8.0 Hz, 2H), 7.71 (overlapping d, J = 8.0 Hz, 
2H), 7.58 (d, J = 16 Hz, 1H), 6.87 (d, J = 16 Hz, 1H), 2.13 (s, 3H). 
19
F NMR (400 MHz, 
d8-thf):  -61 ppm (s, 3F). 
(R)-4-(dimethyl(phenyl)silyl)-4-(4-(trifluoromethyl)phenyl)butan-2-one (3.77). The 
spectroscopic data match those reported previously.
168
 The absolute configuration was 
assigned by analogy to -silyl ketones previously reported.169 IR (neat, cm-1): 3070 (w), 
2960 (w), 1718 (m), 1615 (w), 1580 (w), 1515 (w), 1419 (w), 1357 (w), 1323 (s), 1251 
(w), 1188 (w), 1161 (s), 1108 (s), 1067 (s), 1015 (w), 998 (w), 952 (w), 910 (w), 850 (w), 
                                                            
(166) See supporting information for procedure using refluxing benzene as solvent: Nishimura, T.; 
Yasuhara, Y.; Hayashi, T. Angew. Chemie 2006, 45, 5164-5166. 
(167) See supporting information in: (a) Buszek, K. R.; Brown, N. Org. Lett. 2007, 9, 707-710. (b) 
Zumbansen, K.; Döhring, A.; List, B. Adv. Synth. Catal. 2010, 7, 1135-1138. 
(168) Lee, K-s.; Hoveyda, A. H. J. Am. Chem. Soc. 2010, 132, 2898-2900. 
(169) O’Brien, J. M.; Hoveyda, A. H.  J. Am. Chem. Soc. 2011, 133, 7712-7715. 
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831 (w), 807 (s), 773 (s), 734 (s), 670 (m), 646 (s), 611 (s), 599 (w), 569 (w), 537 (w), 
513 (w), 467 (w), 420 (w). 
1
H NMR (500 MHz, CDCl3):  7.43 (overlapping d, J = 8 Hz, 
2 H), 7.42-7.33 (m, 6H), 7.02 (overlapping d, J = 8 Hz, 2H), 2.99 (dd, J = 11.0, 3.5 Hz, 
1H), 2.93 (dd, J = 16.5, 11.0 Hz, 1H), 2.69 (dd, J = 16.5, 3.5 Hz, 1H), 1.97 (s, 3H), 0.25 
(s, 3H), 0.23 (s, 3H). 
13
C NMR (100 MHz, CDCl3):  207.4, 146.9, 146.9, 154.0, 134.2, 
129.7, 128.0, 127.8, 125.2 (q, J = 29.6, 14.8 Hz), 43.8, 31.7, 30.1, -4.1, -5.2.
 19
F NMR 
(400 MHz, d8-thf): -60 ppm (s, 3F). Optical rotation: []D
20 
+ 5.6 (c 1.813, CHCl3) for a 
sample with 87:13 er. 
 Kinetic Method for NHC–Catalyzed Enantioselective Conjugate Silyl Addition to 
(E)-4-(4-(trifluoromethyl)phenyl)but-3-en-2-one under Pseudo First-order 
Conditions: In a N2-filled glovebox, imidazolinium tetrafluoroborate salt 4.89 (0.900 
mg, 0.003 mmol), (E)-4-(4-(trifluoromethyl)phenyl)but-3-en-2-one 4.88 (4.10 mg, 0.0191 
mmol), and 4.69 (50.0 mg, 0.191 mmol) were added to a flame-dried vial with stirbar. d8-
Tetrahydrofuran (1.0 mL) was added by syringe, the vial was sealed tightly with a 
Teflon-lined cap, and the reaction was allowed to stir at 22 °C for five minutes. Dbu 
(4.20, 29.0 mg, 0.191 mmol) was added to the vial by syringe and the mixture was briefly 
stirred to blend its contents and the solution turned yellow and clear. The solution was 
then transferred to an oven-dried NMR tube with cap, sealed with Teflon tape and 
brought out of the glovebox. Immediately prior to insertion, water was added to the NMR 
tube by syringe (3.45 μL, 0.191 mmol), sealed with NMR cap and Teflon tape, and 
inverted twice to mix. The sample was immediately inserted into the NMR spectrometer 
and 19F data was collected at 50-second intervals until approximately 40% conversion. 
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Substrate and product concentrations were determined by 19F NMR analysis (enone 19F 
signal at -61 ppm and -silyl ketone at -60 ppm, with the BF4
- signal serving as the 
internal reference at -151 ppm). The kobs was determined for a series of at least three 
different concentrations by plotting [SM], ln[SM] and 1/[SM] vs time to analyze for zero 
order, first and inverse order, and second order rate dependence, respectively. 
 
[substrate] (M) kobs 
0.0191 0.0607 
0.0382 0.0640 
0.0764 0.0641 
 
y = -0.0641x + 101.47 
R² = 0.9893 
y = -0.0607x + 128.64 
R² = 0.6901 
y = -0.064x + 116.38 
R² = 0.847 
0
20
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100
120
140
160
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M
] 
time (s) 
[SM] vs time 
0.0190 M
0.038
0.076 M
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 [catalyst] (mM) kobs 
0.716 0.0129 
1.432 0.0227 
2.864 0.0428 
 
 
[catalyst]2 [catalyst]-1 [catalyst]3/2 kobs 
0.512656 1.396648 0.605856158 0.0129 
2.050624 0.698324 1.713620019 0.0227 
8.20246 0.349162 4.846849342 0.0428 
y = 14.733x + 0.0011 
R² = 0.9967 
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[PhMe2SiB(pin)] (M) kobs 
0.0191 0.0059 
0.0382 0.0189 
0.0764 0.0398 
 
 
[dbu] (M) kobs  
0.0190 0.0742 
0.0381 0.0813 
0.0762 0.0762 
y = 0.5376x - 0.0018 
R² = 0.9891 
-0.005
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0 0.02 0.04 0.06 0.08 0.1
k o
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[SiB] 
[SiB] vs kobs 
y = -0.0813x + 103.34 
R² = 0.8552 
y = -0.0742x + 105.1 
R² = 0.99 
y = -0.0726x + 104.59 
R² = 0.9853 
60
70
80
90
100
110
120
100 200 300
[S
M
] 
time (s) 
[SM] vs time Varying [dbu] 
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C: 11.6 mg, [SM] vs
time
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 [H2O] (M) kobs  
0.0275 0.0335 
0.0555 0.038 
0.222 0.0216 
 
Determination of Rate Law: 
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X-Ray crystal data for formyldiamine (4.109). 
 
Table 1.  Crystal data and structure refinement for sad. 
Identification code  C41H36N2O 
Empirical formula  C41 H36 N2 O 
Formula weight  572.72 
Temperature  100(2) K 
Wavelength  1.54178 Å 
Crystal system  Trigonal 
Space group  P 3(2) 
Unit cell dimensions a = 9.7301(5) Å = 90°. 
 b = 9.7301(5) Å = 90°. 
 c = 28.7268(16) Å  = 120°. 
Volume 2355.3(2) Å3 
Z 3 
Density (calculated) 1.211 Mg/m3 
Absorption coefficient 0.555 mm-1 
F(000) 912 
Crystal size 0.20 x 0.15 x 0.10 mm3 
Theta range for data collection 5.25 to 68.04°. 
Index ranges -11<=h<=11, -11<=k<=11, -33<=l<=34 
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Reflections collected 21349 
Independent reflections 5490 [R(int) = 0.0216] 
Completeness to theta = 67.00° 98.8 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9466 and 0.8971 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 5490 / 4 / 408 
Goodness-of-fit on F2 1.047 
Final R indices [I>2sigma(I)] R1 = 0.0268, wR2 = 0.0681 
R indices (all data) R1 = 0.0269, wR2 = 0.0682 
Absolute structure parameter 0.05(17) 
Extinction coefficient na 
Largest diff. peak and hole 0.140 and -0.174 e.Å-3 
page 413
Table 2.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters 
(Å2x 103) for sad.  U(eq) is defined as one third of  the trace of the orthogonalized Uij 
tensor. 
________________________________________________________________________
 x y z U(eq) 
________________________________________________________________________  
O(1) 220(1) 9992(1) 3214(1) 30(1) 
N(1) 2603(1) 10281(1) 2986(1) 17(1) 
N(2) 880(1) 7601(1) 2441(1) 19(1) 
C(1) 2320(1) 10524(1) 2493(1) 17(1) 
C(2) 1805(1) 9041(1) 2176(1) 18(1) 
C(3) 3683(1) 12007(1) 2278(1) 18(1) 
C(4) 3479(2) 13305(2) 2192(1) 24(1) 
C(5) 4679(2) 14675(2) 1989(1) 29(1) 
C(6) 6106(2) 14774(2) 1872(1) 30(1) 
C(7) 6334(2) 13506(2) 1960(1) 26(1) 
C(8) 5131(1) 12127(2) 2160(1) 21(1) 
C(9) 4047(1) 10369(1) 3143(1) 18(1) 
C(10) 4470(1) 9306(1) 2959(1) 20(1) 
C(11) 5865(2) 9344(1) 3086(1) 23(1) 
C(12) 6808(2) 10434(2) 3425(1) 25(1) 
C(13) 6371(1) 11458(2) 3620(1) 23(1) 
C(14) 5002(1) 11481(1) 3481(1) 20(1) 
C(15) 4658(1) 12664(1) 3701(1) 20(1) 
C(16) 4289(1) 13646(2) 3438(1) 23(1) 
C(17) 4063(2) 14794(2) 3651(1) 28(1) 
C(18) 4187(2) 14988(2) 4130(1) 30(1) 
C(19) 4553(2) 14023(2) 4395(1) 28(1) 
C(20) 4790(1) 12879(2) 4183(1) 24(1) 
C(21) 6356(2) 8262(2) 2858(1) 32(1) 
C(22) 1465(1) 10033(1) 3303(1) 21(1) 
C(23) 572(1) 6121(1) 2287(1) 18(1) 
C(24) 939(1) 5881(1) 1836(1) 20(1) 
C(25) 641(1) 4394(2) 1682(1) 22(1) 
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C(26) -74(2) 3116(2) 1985(1) 25(1) 
C(27) -423(2) 3342(2) 2440(1) 24(1) 
C(28) -110(1) 4814(1) 2601(1) 20(1) 
C(29) -420(1) 5040(1) 3094(1) 20(1) 
C(30) -1430(1) 5617(1) 3213(1) 21(1) 
C(31) -1667(2) 5856(1) 3675(1) 24(1) 
C(32) -898(2) 5528(2) 4028(1) 27(1) 
C(33) 82(2) 4925(2) 3915(1) 28(1) 
C(34) 315(2) 4670(2) 3454(1) 25(1) 
C(35) 1158(2) 4212(2) 1202(1) 28(1) 
C(36) 852(1) 9161(1) 1773(1) 18(1) 
C(37) 1492(1) 9629(1) 1329(1) 21(1) 
C(38) 575(2) 9699(2) 967(1) 24(1) 
C(39) -974(2) 9331(1) 1047(1) 24(1) 
C(40) -1612(1) 8896(1) 1491(1) 23(1) 
C(41) -705(1) 8808(1) 1850(1) 20(1) 
________________________________________________________________________
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Table 3.   Bond lengths [Å] and angles [°] for  sad. 
_____________________________________________________  
O(1)-C(22)  1.2184(15) 
N(1)-C(22)  1.3595(15) 
N(1)-C(9)  1.4366(15) 
N(1)-C(1)  1.4829(14) 
N(2)-C(23)  1.3875(15) 
N(2)-C(2)  1.4463(15) 
N(2)-H(2N)  0.875(13) 
C(1)-C(3)  1.5192(16) 
C(1)-C(2)  1.5626(15) 
C(1)-H(1)  0.986(12) 
C(2)-C(36)  1.5239(16) 
C(2)-H(2)  0.994(12) 
C(3)-C(4)  1.3951(17) 
C(3)-C(8)  1.3972(17) 
C(4)-C(5)  1.3868(19) 
C(4)-H(4)  0.9500 
C(5)-C(6)  1.384(2) 
C(5)-H(5)  0.9500 
C(6)-C(7)  1.382(2) 
C(6)-H(6)  0.9500 
C(7)-C(8)  1.3885(18) 
C(7)-H(7)  0.9500 
C(8)-H(8)  0.9500 
C(9)-C(10)  1.3937(17) 
C(9)-C(14)  1.4049(17) 
C(10)-C(11)  1.3889(18) 
C(10)-H(10)  0.9500 
C(11)-C(12)  1.3942(19) 
C(11)-C(21)  1.5071(18) 
C(12)-C(13)  1.3820(19) 
C(12)-H(12)  0.9500 
C(13)-C(14)  1.4008(17) 
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C(13)-H(13)  0.9500 
C(14)-C(15)  1.4910(17) 
C(15)-C(20)  1.3955(17) 
C(15)-C(16)  1.3981(18) 
C(16)-C(17)  1.3856(19) 
C(16)-H(16)  0.9500 
C(17)-C(18)  1.384(2) 
C(17)-H(17)  0.9500 
C(18)-C(19)  1.387(2) 
C(18)-H(18)  0.9500 
C(19)-C(20)  1.3857(19) 
C(19)-H(19)  0.9500 
C(20)-H(20A)  0.9500 
C(21)-H(21A)  0.9800 
C(21)-H(21B)  0.9800 
C(21)-H(21C)  0.9800 
C(22)-H(22)  0.9500 
C(23)-C(24)  1.3966(17) 
C(23)-C(28)  1.4226(16) 
C(24)-C(25)  1.3972(17) 
C(24)-H(24)  0.9500 
C(25)-C(26)  1.3871(18) 
C(25)-C(35)  1.5095(18) 
C(26)-C(27)  1.3958(19) 
C(26)-H(26)  0.9500 
C(27)-C(28)  1.3854(18) 
C(27)-H(27)  0.9500 
C(28)-C(29)  1.4885(17) 
C(29)-C(30)  1.3962(18) 
C(29)-C(34)  1.4009(18) 
C(30)-C(31)  1.3878(18) 
C(30)-H(30)  0.9500 
C(31)-C(32)  1.3879(19) 
C(31)-H(31)  0.9500 
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C(32)-C(33)  1.385(2) 
C(32)-H(32)  0.9500 
C(33)-C(34)  1.3873(19) 
C(33)-H(33)  0.9500 
C(34)-H(34)  0.9500 
C(35)-H(35A)  0.9800 
C(35)-H(35B)  0.9800 
C(35)-H(35C)  0.9800 
C(36)-C(37)  1.3927(17) 
C(36)-C(41)  1.3931(16) 
C(37)-C(38)  1.3922(17) 
C(37)-H(37)  0.9500 
C(38)-C(39)  1.3822(19) 
C(38)-H(38)  0.9500 
C(39)-C(40)  1.3880(18) 
C(39)-H(39)  0.9500 
C(40)-C(41)  1.3879(17) 
C(40)-H(40)  0.9500 
C(41)-H(41)  0.9500 
 
C(22)-N(1)-C(9) 119.07(9) 
C(22)-N(1)-C(1) 117.86(9) 
C(9)-N(1)-C(1) 123.00(9) 
C(23)-N(2)-C(2) 123.06(10) 
C(23)-N(2)-H(2N) 117.0(10) 
C(2)-N(2)-H(2N) 117.3(10) 
N(1)-C(1)-C(3) 113.32(9) 
N(1)-C(1)-C(2) 114.12(9) 
C(3)-C(1)-C(2) 111.35(9) 
N(1)-C(1)-H(1) 102.9(8) 
C(3)-C(1)-H(1) 108.3(8) 
C(2)-C(1)-H(1) 106.0(8) 
N(2)-C(2)-C(36) 111.48(9) 
N(2)-C(2)-C(1) 110.15(9) 
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C(36)-C(2)-C(1) 107.43(9) 
N(2)-C(2)-H(2) 111.7(9) 
C(36)-C(2)-H(2) 107.7(8) 
C(1)-C(2)-H(2) 108.1(9) 
C(4)-C(3)-C(8) 118.39(11) 
C(4)-C(3)-C(1) 118.69(11) 
C(8)-C(3)-C(1) 122.93(11) 
C(5)-C(4)-C(3) 120.78(12) 
C(5)-C(4)-H(4) 119.6 
C(3)-C(4)-H(4) 119.6 
C(6)-C(5)-C(4) 120.20(12) 
C(6)-C(5)-H(5) 119.9 
C(4)-C(5)-H(5) 119.9 
C(7)-C(6)-C(5) 119.74(12) 
C(7)-C(6)-H(6) 120.1 
C(5)-C(6)-H(6) 120.1 
C(6)-C(7)-C(8) 120.28(12) 
C(6)-C(7)-H(7) 119.9 
C(8)-C(7)-H(7) 119.9 
C(7)-C(8)-C(3) 120.60(12) 
C(7)-C(8)-H(8) 119.7 
C(3)-C(8)-H(8) 119.7 
C(10)-C(9)-C(14) 120.43(11) 
C(10)-C(9)-N(1) 118.60(10) 
C(14)-C(9)-N(1) 120.96(10) 
C(11)-C(10)-C(9) 121.87(11) 
C(11)-C(10)-H(10) 119.1 
C(9)-C(10)-H(10) 119.1 
C(10)-C(11)-C(12) 117.81(11) 
C(10)-C(11)-C(21) 120.96(12) 
C(12)-C(11)-C(21) 121.22(11) 
C(13)-C(12)-C(11) 120.60(11) 
C(13)-C(12)-H(12) 119.7 
C(11)-C(12)-H(12) 119.7 
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C(12)-C(13)-C(14) 122.24(11) 
C(12)-C(13)-H(13) 118.9 
C(14)-C(13)-H(13) 118.9 
C(13)-C(14)-C(9) 116.95(11) 
C(13)-C(14)-C(15) 118.32(10) 
C(9)-C(14)-C(15) 124.73(11) 
C(20)-C(15)-C(16) 118.01(11) 
C(20)-C(15)-C(14) 119.73(11) 
C(16)-C(15)-C(14) 122.15(11) 
C(17)-C(16)-C(15) 120.63(12) 
C(17)-C(16)-H(16) 119.7 
C(15)-C(16)-H(16) 119.7 
C(18)-C(17)-C(16) 120.76(12) 
C(18)-C(17)-H(17) 119.6 
C(16)-C(17)-H(17) 119.6 
C(17)-C(18)-C(19) 119.21(12) 
C(17)-C(18)-H(18) 120.4 
C(19)-C(18)-H(18) 120.4 
C(20)-C(19)-C(18) 120.23(12) 
C(20)-C(19)-H(19) 119.9 
C(18)-C(19)-H(19) 119.9 
C(19)-C(20)-C(15) 121.15(12) 
C(19)-C(20)-H(20A) 119.4 
C(15)-C(20)-H(20A) 119.4 
C(11)-C(21)-H(21A) 109.5 
C(11)-C(21)-H(21B) 109.5 
H(21A)-C(21)-H(21B) 109.5 
C(11)-C(21)-H(21C) 109.5 
H(21A)-C(21)-H(21C) 109.5 
H(21B)-C(21)-H(21C) 109.5 
O(1)-C(22)-N(1) 125.05(11) 
O(1)-C(22)-H(22) 117.5 
N(1)-C(22)-H(22) 117.5 
N(2)-C(23)-C(24) 121.86(11) 
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N(2)-C(23)-C(28) 119.31(10) 
C(24)-C(23)-C(28) 118.82(11) 
C(23)-C(24)-C(25) 121.90(11) 
C(23)-C(24)-H(24) 119.1 
C(25)-C(24)-H(24) 119.1 
C(26)-C(25)-C(24) 118.81(11) 
C(26)-C(25)-C(35) 121.04(11) 
C(24)-C(25)-C(35) 120.10(11) 
C(25)-C(26)-C(27) 119.96(11) 
C(25)-C(26)-H(26) 120.0 
C(27)-C(26)-H(26) 120.0 
C(28)-C(27)-C(26) 121.92(12) 
C(28)-C(27)-H(27) 119.0 
C(26)-C(27)-H(27) 119.0 
C(27)-C(28)-C(23) 118.54(11) 
C(27)-C(28)-C(29) 120.85(11) 
C(23)-C(28)-C(29) 120.56(11) 
C(30)-C(29)-C(34) 118.40(11) 
C(30)-C(29)-C(28) 121.81(11) 
C(34)-C(29)-C(28) 119.79(11) 
C(31)-C(30)-C(29) 120.68(11) 
C(31)-C(30)-H(30) 119.7 
C(29)-C(30)-H(30) 119.7 
C(30)-C(31)-C(32) 120.39(12) 
C(30)-C(31)-H(31) 119.8 
C(32)-C(31)-H(31) 119.8 
C(33)-C(32)-C(31) 119.44(12) 
C(33)-C(32)-H(32) 120.3 
C(31)-C(32)-H(32) 120.3 
C(32)-C(33)-C(34) 120.51(12) 
C(32)-C(33)-H(33) 119.7 
C(34)-C(33)-H(33) 119.7 
C(33)-C(34)-C(29) 120.54(12) 
C(33)-C(34)-H(34) 119.7 
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C(29)-C(34)-H(34) 119.7 
C(25)-C(35)-H(35A) 109.5 
C(25)-C(35)-H(35B) 109.5 
H(35A)-C(35)-H(35B) 109.5 
C(25)-C(35)-H(35C) 109.5 
H(35A)-C(35)-H(35C) 109.5 
H(35B)-C(35)-H(35C) 109.5 
C(37)-C(36)-C(41) 118.68(11) 
C(37)-C(36)-C(2) 122.11(10) 
C(41)-C(36)-C(2) 119.21(10) 
C(38)-C(37)-C(36) 120.40(11) 
C(38)-C(37)-H(37) 119.8 
C(36)-C(37)-H(37) 119.8 
C(39)-C(38)-C(37) 120.37(11) 
C(39)-C(38)-H(38) 119.8 
C(37)-C(38)-H(38) 119.8 
C(38)-C(39)-C(40) 119.69(11) 
C(38)-C(39)-H(39) 120.2 
C(40)-C(39)-H(39) 120.2 
C(41)-C(40)-C(39) 119.97(11) 
C(41)-C(40)-H(40) 120.0 
C(39)-C(40)-H(40) 120.0 
C(40)-C(41)-C(36) 120.86(11) 
C(40)-C(41)-H(41) 119.6 
C(36)-C(41)-H(41) 119.6 
_____________________________________________________________  
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Table 4.   Anisotropic displacement parameters  (Å2x 103) for sad.  The anisotropic 
displacement factor exponent takes the form:  -22[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 
________________________________________________________________________  
 U11 U22  U33 U23 U13 U12 
________________________________________________________________________  
O(1) 22(1)  48(1) 21(1)  1(1) 2(1)  18(1) 
N(1) 17(1)  20(1) 14(1)  -2(1) 0(1)  8(1) 
N(2) 22(1)  19(1) 14(1)  0(1) 2(1)  9(1) 
C(1) 17(1)  21(1) 13(1)  0(1) -1(1)  10(1) 
C(2) 16(1)  19(1) 18(1)  0(1) 2(1)  8(1) 
C(3) 22(1)  20(1) 12(1)  -3(1) -3(1)  10(1) 
C(4) 29(1)  24(1) 20(1)  -2(1) -4(1)  15(1) 
C(5) 42(1)  19(1) 25(1)  0(1) -6(1)  14(1) 
C(6) 30(1)  21(1) 22(1)  3(1) -3(1)  1(1) 
C(7) 22(1)  27(1) 20(1)  0(1) -1(1)  6(1) 
C(8) 21(1)  22(1) 18(1)  0(1) -1(1)  9(1) 
C(9) 17(1)  20(1) 15(1)  3(1) 2(1)  7(1) 
C(10) 20(1)  22(1) 17(1)  2(1) 0(1)  9(1) 
C(11) 23(1)  24(1) 22(1)  6(1) 4(1)  12(1) 
C(12) 20(1)  28(1) 27(1)  5(1) -1(1)  12(1) 
C(13) 20(1)  25(1) 21(1)  1(1) -3(1)  8(1) 
C(14) 18(1)  19(1) 18(1)  3(1) 1(1)  7(1) 
C(15) 14(1)  19(1) 22(1)  -2(1) -1(1)  4(1) 
C(16) 20(1)  24(1) 23(1)  -2(1) -5(1)  8(1) 
C(17) 21(1)  24(1) 39(1)  -2(1) -4(1)  11(1) 
C(18) 20(1)  27(1) 39(1)  -13(1) -2(1)  10(1) 
C(19) 23(1)  31(1) 23(1)  -8(1) -1(1)  8(1) 
C(20) 19(1)  24(1) 23(1)  -1(1) -2(1)  6(1) 
C(21) 30(1)  34(1) 38(1)  -1(1) 2(1)  21(1) 
C(22) 19(1)  24(1) 16(1)  -2(1) -1(1)  8(1) 
C(23) 14(1)  20(1) 21(1)  -2(1) -3(1)  9(1) 
C(24) 17(1)  22(1) 21(1)  0(1) -1(1)  9(1) 
C(25) 16(1)  26(1) 25(1)  -5(1) -4(1)  12(1) 
C(26) 23(1)  22(1) 33(1)  -6(1) -3(1)  12(1) 
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C(27) 22(1)  21(1) 31(1)  3(1) 1(1)  11(1) 
C(28) 15(1)  21(1) 22(1)  0(1) -1(1)  8(1) 
C(29) 17(1)  16(1) 23(1)  3(1) 1(1)  5(1) 
C(30) 20(1)  19(1) 22(1)  3(1) 0(1)  8(1) 
C(31) 21(1)  19(1) 27(1)  1(1) 4(1)  6(1) 
C(32) 26(1)  24(1) 21(1)  -1(1) 1(1)  6(1) 
C(33) 24(1)  30(1) 25(1)  3(1) -6(1)  9(1) 
C(34) 21(1)  25(1) 28(1)  3(1) -2(1)  10(1) 
C(35) 27(1)  31(1) 28(1)  -8(1) -1(1)  16(1) 
C(36) 20(1)  14(1) 18(1)  -2(1) -2(1)  7(1) 
C(37) 20(1)  22(1) 20(1)  0(1) 2(1)  10(1) 
C(38) 29(1)  24(1) 16(1)  2(1) 1(1)  12(1) 
C(39) 27(1)  20(1) 23(1)  0(1) -7(1)  10(1) 
C(40) 20(1)  19(1) 27(1)  0(1) -2(1)  9(1) 
C(41) 21(1)  19(1) 18(1)  1(1) 1(1)  9(1) 
________________________________________________________________________
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Table 5.   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 10 
3) for sad. 
________________________________________________________________________  
 x  y  z  U(eq) 
________________________________________________________________________  
  
H(2N) 763(18) 7701(18) 2738(5) 23 
H(1) 1390(16) 10672(16) 2514(5) 20 
H(2) 2779(16) 9102(17) 2044(5) 21 
H(4) 2506 13250 2273 28 
H(5) 4522 15547 1931 35 
H(6) 6926 15711 1732 36 
H(7) 7318 13578 1884 31 
H(8) 5295 11257 2216 25 
H(10) 3783 8534 2741 24 
H(12) 7760 10474 3523 30 
H(13) 7020 12169 3857 28 
H(16) 4193 13524 3109 28 
H(17) 3820 15456 3467 34 
H(18) 4023 15772 4274 35 
H(19) 4643 14147 4724 34 
H(20A) 5046 12230 4368 29 
H(21A) 5409 7254 2778 48 
H(21B) 7020 8063 3073 48 
H(21C) 6959 8764 2574 48 
H(22) 1654 9880 3618 25 
H(24) 1404 6754 1627 24 
H(26) -327 2087 1883 30 
H(27) -889 2460 2647 29 
H(30) -1961 5847 2974 25 
H(31) -2360 6246 3751 29 
H(32) -1042 5716 4344 32 
H(33) 598 4683 4155 34 
H(34) 977 4242 3381 30 
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H(35A) 2309 4644 1199 42 
H(35B) 879 4788 976 42 
H(35C) 622 3085 1118 42 
H(37) 2561 9902 1272 25 
H(38) 1016 10003 664 28 
H(39) -1598 9374 800 29 
H(40) -2669 8660 1549 27 
H(41) -1151 8502 2152 24 
________________________________________________________________________
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 Table 6.  Torsion angles [°] for sad. 
________________________________________________________________  
C(22)-N(1)-C(1)-C(3) 128.26(11) 
C(9)-N(1)-C(1)-C(3) -48.74(14) 
C(22)-N(1)-C(1)-C(2) -102.88(12) 
C(9)-N(1)-C(1)-C(2) 80.12(13) 
C(23)-N(2)-C(2)-C(36) 76.20(13) 
C(23)-N(2)-C(2)-C(1) -164.64(10) 
N(1)-C(1)-C(2)-N(2) 32.55(13) 
C(3)-C(1)-C(2)-N(2) 162.40(9) 
N(1)-C(1)-C(2)-C(36) 154.15(9) 
C(3)-C(1)-C(2)-C(36) -76.00(11) 
N(1)-C(1)-C(3)-C(4) -107.76(12) 
C(2)-C(1)-C(3)-C(4) 121.97(11) 
N(1)-C(1)-C(3)-C(8) 72.63(13) 
C(2)-C(1)-C(3)-C(8) -57.64(14) 
C(8)-C(3)-C(4)-C(5) 0.67(17) 
C(1)-C(3)-C(4)-C(5) -178.95(11) 
C(3)-C(4)-C(5)-C(6) -0.43(19) 
C(4)-C(5)-C(6)-C(7) -0.35(19) 
C(5)-C(6)-C(7)-C(8) 0.87(19) 
C(6)-C(7)-C(8)-C(3) -0.61(18) 
C(4)-C(3)-C(8)-C(7) -0.15(17) 
C(1)-C(3)-C(8)-C(7) 179.46(11) 
C(22)-N(1)-C(9)-C(10) 121.97(12) 
C(1)-N(1)-C(9)-C(10) -61.06(15) 
C(22)-N(1)-C(9)-C(14) -56.78(15) 
C(1)-N(1)-C(9)-C(14) 120.18(12) 
C(14)-C(9)-C(10)-C(11) -2.74(17) 
N(1)-C(9)-C(10)-C(11) 178.50(10) 
C(9)-C(10)-C(11)-C(12) 3.31(17) 
C(9)-C(10)-C(11)-C(21) -175.59(11) 
C(10)-C(11)-C(12)-C(13) -1.13(18) 
C(21)-C(11)-C(12)-C(13) 177.76(12) 
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C(11)-C(12)-C(13)-C(14) -1.65(19) 
C(12)-C(13)-C(14)-C(9) 2.22(17) 
C(12)-C(13)-C(14)-C(15) -177.98(11) 
C(10)-C(9)-C(14)-C(13) -0.06(17) 
N(1)-C(9)-C(14)-C(13) 178.67(10) 
C(10)-C(9)-C(14)-C(15) -179.84(11) 
N(1)-C(9)-C(14)-C(15) -1.10(18) 
C(13)-C(14)-C(15)-C(20) -45.85(16) 
C(9)-C(14)-C(15)-C(20) 133.92(12) 
C(13)-C(14)-C(15)-C(16) 130.40(12) 
C(9)-C(14)-C(15)-C(16) -49.82(17) 
C(20)-C(15)-C(16)-C(17) -0.02(18) 
C(14)-C(15)-C(16)-C(17) -176.34(11) 
C(15)-C(16)-C(17)-C(18) -0.42(19) 
C(16)-C(17)-C(18)-C(19) 0.46(19) 
C(17)-C(18)-C(19)-C(20) -0.07(19) 
C(18)-C(19)-C(20)-C(15) -0.37(19) 
C(16)-C(15)-C(20)-C(19) 0.42(18) 
C(14)-C(15)-C(20)-C(19) 176.82(11) 
C(9)-N(1)-C(22)-O(1) 177.25(12) 
C(1)-N(1)-C(22)-O(1) 0.13(18) 
C(2)-N(2)-C(23)-C(24) -9.43(17) 
C(2)-N(2)-C(23)-C(28) 169.31(10) 
N(2)-C(23)-C(24)-C(25) 179.43(10) 
C(28)-C(23)-C(24)-C(25) 0.68(17) 
C(23)-C(24)-C(25)-C(26) 1.56(17) 
C(23)-C(24)-C(25)-C(35) -175.85(11) 
C(24)-C(25)-C(26)-C(27) -2.66(17) 
C(35)-C(25)-C(26)-C(27) 174.73(12) 
C(25)-C(26)-C(27)-C(28) 1.56(19) 
C(26)-C(27)-C(28)-C(23) 0.71(18) 
C(26)-C(27)-C(28)-C(29) -176.98(11) 
N(2)-C(23)-C(28)-C(27) 179.42(11) 
C(24)-C(23)-C(28)-C(27) -1.80(16) 
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N(2)-C(23)-C(28)-C(29) -2.88(16) 
C(24)-C(23)-C(28)-C(29) 175.90(11) 
C(27)-C(28)-C(29)-C(30) -122.39(13) 
C(23)-C(28)-C(29)-C(30) 59.97(15) 
C(27)-C(28)-C(29)-C(34) 57.64(16) 
C(23)-C(28)-C(29)-C(34) -120.00(13) 
C(34)-C(29)-C(30)-C(31) 1.67(17) 
C(28)-C(29)-C(30)-C(31) -178.30(11) 
C(29)-C(30)-C(31)-C(32) 0.15(18) 
C(30)-C(31)-C(32)-C(33) -1.48(19) 
C(31)-C(32)-C(33)-C(34) 1.0(2) 
C(32)-C(33)-C(34)-C(29) 0.9(2) 
C(30)-C(29)-C(34)-C(33) -2.19(18) 
C(28)-C(29)-C(34)-C(33) 177.78(11) 
N(2)-C(2)-C(36)-C(37) -135.71(11) 
C(1)-C(2)-C(36)-C(37) 103.52(12) 
N(2)-C(2)-C(36)-C(41) 44.98(14) 
C(1)-C(2)-C(36)-C(41) -75.79(12) 
C(41)-C(36)-C(37)-C(38) -1.70(17) 
C(2)-C(36)-C(37)-C(38) 178.98(11) 
C(36)-C(37)-C(38)-C(39) 1.08(18) 
C(37)-C(38)-C(39)-C(40) 0.35(18) 
C(38)-C(39)-C(40)-C(41) -1.11(18) 
C(39)-C(40)-C(41)-C(36) 0.47(17) 
C(37)-C(36)-C(41)-C(40) 0.94(17) 
C(2)-C(36)-C(41)-C(40) -179.73(11) 
________________________________________________________________  
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Table 7.  Hydrogen bonds for sad  [Å and °]. 
________________________________________________________________________  
D-H...A d(D-H) d(H...A) d(D...A) <(DHA) 
________________________________________________________________________  
 N(2)-H(2N)...N(1) 0.875(13) 2.349(15) 2.7729(14) 110.0(12) 
________________________________________________________________________  
 
X-Ray crystal data for -addition product. 
 
Table 1.  Crystal data and structure refinement for C46H40N2O2. 
Identification code  C46H40N2O2 
Empirical formula  C49 H46 Cl6 N2 O2 
Formula weight  907.58 
Temperature  100(2) K 
Wavelength  1.54178 Å 
Crystal system  Monoclinic 
Space group  P 21 
Unit cell dimensions a = 11.2131(6) Å = 90°. 
 b = 9.3038(5) Å = 98.915(2)°. 
 c = 21.9253(10) Å  = 90°. 
Volume 2259.7(2) Å3 
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Z 2 
Density (calculated) 1.334 Mg/m3 
Absorption coefficient 3.791 mm-1 
F(000) 944 
Crystal size 0.25 x 0.14 x 0.06 mm3 
Theta range for data collection 2.04 to 67.49°. 
Index ranges -13<=h<=13, -11<=k<=10, -26<=l<=26 
Reflections collected 25098 
Independent reflections 7604 [R(int) = 0.0395] 
Completeness to theta = 67.49° 97.5 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.8045 and 0.4508 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 7604 / 13 / 553 
Goodness-of-fit on F2 1.031 
Final R indices [I>2sigma(I)] R1 = 0.0402, wR2 = 0.1032 
R indices (all data) R1 = 0.0423, wR2 = 0.1055 
Absolute structure parameter 0.037(11) 
Extinction coefficient na 
Largest diff. peak and hole 0.423 and -0.432 e.Å-3 
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 Table 2.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters 
(Å2x 103) for C46H40N2O2.  U(eq) is defined as one third of  the trace of the 
orthogonalized Uij tensor. 
________________________________________________________________________  
 x y z U(eq) 
________________________________________________________________________  
O(1) 8839(2) 3082(2) 1514(1) 39(1) 
O(2) 7846(2) 4862(2) 1863(1) 30(1) 
N(1) 9589(2) 7426(2) 2254(1) 22(1) 
N(2) 9263(2) 6027(2) 3097(1) 22(1) 
C(1) 8795(2) 8224(3) 2614(1) 22(1) 
C(2) 10017(2) 6116(3) 2600(1) 24(1) 
C(3) 8255(2) 7015(3) 2966(1) 22(1) 
C(4) 7814(2) 9074(3) 2216(1) 24(1) 
C(5) 7649(2) 10508(3) 2323(1) 30(1) 
C(6) 6705(3) 11267(3) 1974(1) 39(1) 
C(7) 5934(2) 10577(4) 1518(1) 41(1) 
C(8) 6088(2) 9131(4) 1408(1) 38(1) 
C(9) 7026(2) 8390(3) 1753(1) 31(1) 
C(10) 10595(2) 8203(3) 2077(1) 23(1) 
C(11) 10784(2) 8181(3) 1461(1) 25(1) 
C(12) 11862(2) 8767(3) 1323(1) 31(1) 
C(13) 12714(2) 9379(3) 1768(1) 33(1) 
C(14) 12520(2) 9432(3) 2384(1) 30(1) 
C(15) 11459(2) 8841(3) 2524(1) 26(1) 
C(16) 9912(2) 7575(3) 942(1) 28(1) 
C(17) 8805(2) 8232(3) 755(1) 32(1) 
C(18) 8036(3) 7748(4) 239(1) 38(1) 
C(19) 8371(3) 6608(4) -99(1) 41(1) 
C(20) 9470(3) 5945(4) 79(1) 41(1) 
C(21) 10241(3) 6426(3) 598(1) 34(1) 
C(22) 13464(3) 10067(4) 2870(1) 42(1) 
C(23) 9988(2) 4831(3) 2178(1) 26(1) 
C(24) 11020(2) 4293(3) 2041(1) 32(1) 
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C(25) 11032(3) 3059(3) 1610(1) 38(1) 
C(26) 9923(3) 2189(3) 1612(2) 42(1) 
C(27) 8812(2) 4290(3) 1857(1) 28(1) 
C(28) 9096(2) 4679(3) 3369(1) 24(1) 
C(29) 10103(2) 3872(3) 3646(1) 26(1) 
C(30) 9895(2) 2522(3) 3882(1) 31(1) 
C(31) 8741(3) 1975(3) 3874(1) 34(1) 
C(32) 7751(2) 2791(3) 3618(1) 31(1) 
C(33) 7937(2) 4115(3) 3367(1) 26(1) 
C(34) 11372(2) 4390(3) 3708(1) 28(1) 
C(35) 11725(2) 5720(3) 3966(1) 31(1) 
C(36) 12924(3) 6164(4) 4028(1) 37(1) 
C(37) 13783(2) 5284(4) 3835(1) 42(1) 
C(38) 13448(3) 3955(4) 3589(2) 47(1) 
C(39) 12252(3) 3514(4) 3528(1) 40(1) 
C(40) 6485(3) 2199(4) 3593(2) 44(1) 
C(41) 7809(2) 7567(3) 3543(1) 23(1) 
C(42) 8607(2) 7874(3) 4075(1) 28(1) 
C(43) 8191(2) 8434(3) 4592(1) 32(1) 
C(44) 6974(2) 8680(3) 4581(1) 31(1) 
C(45) 6170(2) 8373(3) 4050(1) 32(1) 
C(46) 6589(2) 7818(3) 3534(1) 27(1) 
C(1S) 7139(3) 4914(4) 4844(1) 47(1) 
Cl(1) 6164(1) 5521(2) 5350(1) 53(1) 
Cl(2) 8568(1) 4421(1) 5229(1) 58(1) 
Cl(1X) 6000(13) 4930(20) 5156(9) 85(5) 
Cl(2X) 8454(10) 4354(14) 5520(9) 64(4) 
C(2S) 5247(3) 431(4) 8420(2) 53(1) 
Cl(3) 6134(1) -1009(2) 8755(1) 69(1) 
Cl(4) 5489(2) 688(3) 7653(1) 79(1) 
Cl(3X) 5893(12) -1329(14) 8434(9) 68(4) 
Cl(4X) 5776(13) 1254(15) 7833(9) 64(4) 
C(3S) 6829(4) 3544(5) 450(2) 64(1) 
Cl(5) 6845(2) 1931(2) 39(1) 96(1) 
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Cl(6) 5709(1) 4713(2) 89(1) 81(1) 
________________________________________________________________________ 
Table 3.   Bond lengths [Å] and angles [°] for  C46H40N2O2. 
_____________________________________________________  
O(1)-C(27)  1.354(3) 
O(1)-C(26)  1.460(4) 
O(2)-C(27)  1.209(3) 
N(1)-C(10)  1.442(3) 
N(1)-C(2)  1.476(3) 
N(1)-C(1)  1.479(3) 
N(2)-C(28)  1.413(3) 
N(2)-C(3)  1.450(3) 
N(2)-C(2)  1.481(3) 
C(1)-C(4)  1.517(3) 
C(1)-C(3)  1.539(3) 
C(2)-C(23)  1.509(4) 
C(3)-C(41)  1.521(3) 
C(4)-C(5)  1.373(4) 
C(4)-C(9)  1.391(4) 
C(5)-C(6)  1.399(4) 
C(6)-C(7)  1.375(5) 
C(7)-C(8)  1.382(5) 
C(8)-C(9)  1.381(4) 
C(10)-C(15)  1.399(3) 
C(10)-C(11)  1.399(3) 
C(11)-C(12)  1.401(4) 
C(11)-C(16)  1.491(4) 
C(12)-C(13)  1.379(4) 
C(13)-C(14)  1.400(4) 
C(14)-C(15)  1.388(4) 
C(14)-C(22)  1.503(4) 
C(16)-C(17)  1.387(4) 
C(16)-C(21)  1.392(4) 
C(17)-C(18)  1.387(4) 
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C(18)-C(19)  1.379(5) 
C(19)-C(20)  1.379(5) 
C(20)-C(21)  1.391(4) 
C(23)-C(24)  1.337(4) 
C(23)-C(27)  1.484(3) 
C(24)-C(25)  1.489(4) 
C(25)-C(26)  1.484(4) 
C(28)-C(33)  1.401(3) 
C(28)-C(29)  1.412(3) 
C(29)-C(30)  1.392(4) 
C(29)-C(34)  1.488(3) 
C(30)-C(31)  1.389(4) 
C(31)-C(32)  1.389(4) 
C(32)-C(33)  1.377(4) 
C(32)-C(40)  1.516(4) 
C(34)-C(39)  1.384(4) 
C(34)-C(35)  1.392(4) 
C(35)-C(36)  1.393(4) 
C(36)-C(37)  1.379(4) 
C(37)-C(38)  1.378(5) 
C(38)-C(39)  1.390(4) 
C(41)-C(46)  1.384(3) 
C(41)-C(42)  1.386(3) 
C(42)-C(43)  1.393(4) 
C(43)-C(44)  1.380(4) 
C(44)-C(45)  1.388(4) 
C(45)-C(46)  1.390(4) 
C(1S)-Cl(2)  1.753(3) 
C(1S)-Cl(1)  1.767(3) 
C(2S)-Cl(3)  1.760(4) 
C(2S)-Cl(4)  1.760(3) 
C(3S)-Cl(5)  1.752(5) 
C(3S)-Cl(6)  1.755(4) 
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C(27)-O(1)-C(26) 118.7(2) 
C(10)-N(1)-C(2) 110.29(18) 
C(10)-N(1)-C(1) 116.9(2) 
C(2)-N(1)-C(1) 108.32(17) 
C(28)-N(2)-C(3) 119.77(18) 
C(28)-N(2)-C(2) 119.19(19) 
C(3)-N(2)-C(2) 109.53(17) 
N(1)-C(1)-C(4) 113.34(18) 
N(1)-C(1)-C(3) 102.50(19) 
C(4)-C(1)-C(3) 111.26(18) 
N(1)-C(2)-N(2) 104.31(18) 
N(1)-C(2)-C(23) 111.38(18) 
N(2)-C(2)-C(23) 116.5(2) 
N(2)-C(3)-C(41) 113.29(18) 
N(2)-C(3)-C(1) 102.00(18) 
C(41)-C(3)-C(1) 112.0(2) 
C(5)-C(4)-C(9) 118.8(2) 
C(5)-C(4)-C(1) 120.8(2) 
C(9)-C(4)-C(1) 120.3(2) 
C(4)-C(5)-C(6) 120.5(3) 
C(7)-C(6)-C(5) 120.0(3) 
C(6)-C(7)-C(8) 120.0(3) 
C(9)-C(8)-C(7) 119.7(3) 
C(8)-C(9)-C(4) 121.0(3) 
C(15)-C(10)-C(11) 119.3(2) 
C(15)-C(10)-N(1) 120.7(2) 
C(11)-C(10)-N(1) 119.6(2) 
C(10)-C(11)-C(12) 117.9(2) 
C(10)-C(11)-C(16) 124.2(2) 
C(12)-C(11)-C(16) 117.9(2) 
C(13)-C(12)-C(11) 122.2(2) 
C(12)-C(13)-C(14) 120.2(2) 
C(15)-C(14)-C(13) 117.7(2) 
C(15)-C(14)-C(22) 122.1(2) 
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C(13)-C(14)-C(22) 120.1(2) 
C(14)-C(15)-C(10) 122.6(2) 
C(17)-C(16)-C(21) 118.6(2) 
C(17)-C(16)-C(11) 120.7(2) 
C(21)-C(16)-C(11) 120.5(2) 
C(16)-C(17)-C(18) 120.9(3) 
C(19)-C(18)-C(17) 120.0(3) 
C(20)-C(19)-C(18) 119.9(3) 
C(19)-C(20)-C(21) 120.1(3) 
C(20)-C(21)-C(16) 120.5(3) 
C(24)-C(23)-C(27) 120.2(2) 
C(24)-C(23)-C(2) 119.9(2) 
C(27)-C(23)-C(2) 119.5(2) 
C(23)-C(24)-C(25) 121.7(2) 
C(26)-C(25)-C(24) 109.1(2) 
O(1)-C(26)-C(25) 111.6(2) 
O(2)-C(27)-O(1) 118.0(2) 
O(2)-C(27)-C(23) 125.3(2) 
O(1)-C(27)-C(23) 116.8(2) 
C(33)-C(28)-C(29) 118.8(2) 
C(33)-C(28)-N(2) 120.9(2) 
C(29)-C(28)-N(2) 120.3(2) 
C(30)-C(29)-C(28) 118.1(2) 
C(30)-C(29)-C(34) 118.1(2) 
C(28)-C(29)-C(34) 123.9(2) 
C(31)-C(30)-C(29) 122.4(2) 
C(30)-C(31)-C(32) 119.3(3) 
C(33)-C(32)-C(31) 119.3(2) 
C(33)-C(32)-C(40) 120.6(3) 
C(31)-C(32)-C(40) 120.0(3) 
C(32)-C(33)-C(28) 122.1(2) 
C(39)-C(34)-C(35) 118.0(2) 
C(39)-C(34)-C(29) 119.8(3) 
C(35)-C(34)-C(29) 122.2(2) 
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C(34)-C(35)-C(36) 120.9(3) 
C(37)-C(36)-C(35) 120.2(3) 
C(38)-C(37)-C(36) 119.4(3) 
C(37)-C(38)-C(39) 120.2(3) 
C(34)-C(39)-C(38) 121.2(3) 
C(46)-C(41)-C(42) 119.0(2) 
C(46)-C(41)-C(3) 119.8(2) 
C(42)-C(41)-C(3) 121.2(2) 
C(41)-C(42)-C(43) 120.6(2) 
C(44)-C(43)-C(42) 120.2(2) 
C(43)-C(44)-C(45) 119.5(2) 
C(44)-C(45)-C(46) 120.1(2) 
C(41)-C(46)-C(45) 120.6(2) 
Cl(1X)-C(1S)-Cl(2) 123.2(6) 
Cl(1X)-C(1S)-Cl(1) 23.2(9) 
Cl(2)-C(1S)-Cl(1) 112.87(17) 
Cl(3)-C(2S)-Cl(4) 110.0(2) 
Cl(5)-C(3S)-Cl(6) 111.2(2) 
_____________________________________________________________  
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Table 4.   Anisotropic displacement parameters  (Å2x 103) for C46H40N2O2.  The 
anisotropic displacement factor exponent takes the form:  -22[ h2 a*2U11 + ...  + 2 h k 
a* b* U12 ] 
________________________________________________________________________  
 U11 U22  U33 U23 U13 U12 
________________________________________________________________________  
O(1) 37(1)  37(1) 43(1)  -14(1) 8(1)  -4(1) 
O(2) 28(1)  34(1) 28(1)  -3(1) 2(1)  -2(1) 
N(1) 22(1)  27(1) 18(1)  1(1) 5(1)  1(1) 
N(2) 22(1)  26(1) 18(1)  2(1) 5(1)  2(1) 
C(1) 23(1)  26(1) 19(1)  1(1) 3(1)  0(1) 
C(2) 21(1)  32(1) 18(1)  2(1) 3(1)  0(1) 
C(3) 21(1)  27(1) 18(1)  1(1) 2(1)  1(1) 
C(4) 22(1)  30(1) 23(1)  8(1) 8(1)  1(1) 
C(5) 29(1)  33(2) 31(1)  5(1) 10(1)  0(1) 
C(6) 37(1)  32(2) 51(2)  13(1) 13(1)  7(1) 
C(7) 23(1)  51(2) 50(2)  25(2) 6(1)  3(1) 
C(8) 30(1)  48(2) 35(1)  12(1) -1(1)  -2(1) 
C(9) 30(1)  34(2) 28(1)  4(1) 3(1)  -1(1) 
C(10) 23(1)  25(1) 23(1)  2(1) 4(1)  2(1) 
C(11) 29(1)  25(1) 23(1)  1(1) 6(1)  1(1) 
C(12) 34(1)  35(2) 24(1)  3(1) 10(1)  -1(1) 
C(13) 26(1)  34(2) 40(1)  4(1) 10(1)  -4(1) 
C(14) 25(1)  30(1) 34(1)  0(1) 2(1)  1(1) 
C(15) 28(1)  29(1) 22(1)  -1(1) 4(1)  1(1) 
C(16) 32(1)  34(2) 20(1)  4(1) 10(1)  -4(1) 
C(17) 32(1)  40(2) 24(1)  -1(1) 5(1)  -3(1) 
C(18) 37(1)  48(2) 28(1)  -2(1) 1(1)  -3(1) 
C(19) 47(2)  52(2) 22(1)  -3(1) 2(1)  -10(1) 
C(20) 53(2)  42(2) 28(1)  -10(1) 9(1)  -6(1) 
C(21) 40(1)  37(2) 25(1)  0(1) 7(1)  0(1) 
C(22) 30(1)  53(2) 44(2)  -10(1) 3(1)  -7(1) 
C(23) 32(1)  29(1) 19(1)  5(1) 6(1)  2(1) 
C(24) 32(1)  37(2) 26(1)  0(1) 5(1)  2(1) 
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C(25) 40(2)  38(2) 36(1)  -3(1) 11(1)  7(1) 
C(26) 47(2)  31(2) 52(2)  -3(1) 16(1)  8(1) 
C(27) 33(1)  30(1) 20(1)  -1(1) 7(1)  -4(1) 
C(28) 28(1)  26(1) 18(1)  -2(1) 6(1)  1(1) 
C(29) 30(1)  29(1) 20(1)  2(1) 3(1)  2(1) 
C(30) 36(1)  30(2) 28(1)  5(1) 4(1)  5(1) 
C(31) 43(2)  25(2) 36(1)  4(1) 11(1)  -1(1) 
C(32) 34(1)  29(2) 32(1)  -1(1) 10(1)  -3(1) 
C(33) 27(1)  30(1) 24(1)  -1(1) 6(1)  4(1) 
C(34) 29(1)  34(2) 20(1)  6(1) 1(1)  3(1) 
C(35) 31(1)  36(2) 24(1)  4(1) -1(1)  3(1) 
C(36) 39(2)  41(2) 29(1)  4(1) -4(1)  -6(1) 
C(37) 25(1)  62(2) 39(1)  7(1) 3(1)  -1(1) 
C(38) 29(1)  59(2) 54(2)  -4(2) 4(1)  10(1) 
C(39) 34(1)  42(2) 42(2)  -1(1) 3(1)  7(1) 
C(40) 34(2)  38(2) 63(2)  8(1) 18(1)  -5(1) 
C(41) 28(1)  20(1) 21(1)  2(1) 7(1)  -2(1) 
C(42) 27(1)  32(2) 24(1)  -1(1) 3(1)  -1(1) 
C(43) 40(1)  34(2) 21(1)  1(1) 5(1)  0(1) 
C(44) 42(1)  29(2) 25(1)  -2(1) 15(1)  2(1) 
C(45) 31(1)  35(2) 34(1)  -2(1) 12(1)  2(1) 
C(46) 27(1)  29(1) 25(1)  -1(1) 4(1)  1(1) 
C(1S) 56(2)  48(2) 35(1)  4(1) 4(1)  -3(2) 
Cl(1) 64(1)  62(1) 37(1)  7(1) 22(1)  -10(1) 
Cl(2) 59(1)  46(1) 62(1)  -7(1) -14(1)  5(1) 
C(2S) 55(2)  60(2) 44(2)  5(2) 3(1)  16(2) 
Cl(3) 65(1)  79(1) 66(1)  32(1) 21(1)  30(1) 
Cl(4) 71(1)  124(2) 41(1)  23(1) 6(1)  33(1) 
C(3S) 61(2)  86(3) 41(2)  7(2) -1(2)  -27(2) 
Cl(5) 137(1)  100(1) 63(1)  -12(1) 52(1)  -26(1) 
Cl(6) 61(1)  118(1) 56(1)  25(1) -11(1)  -16(1) 
________________________________________________________________________
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 Table 5.   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 10 
3) for C46H40N2O2. 
________________________________________________________________________  
 x  y  z  U(eq) 
________________________________________________________________________  
  
H(1A) 9290 8881 2914 27 
H(2A) 10872 6277 2796 28 
H(3A) 7577 6542 2688 26 
H(5A) 8181 10989 2637 37 
H(6A) 6595 12259 2051 47 
H(7A) 5296 11094 1278 50 
H(8A) 5552 8649 1096 46 
H(9A) 7134 7398 1674 37 
H(12A) 12010 8742 908 37 
H(13A) 13434 9766 1657 39 
H(15A) 11314 8871 2939 32 
H(17A) 8571 9023 984 38 
H(18A) 7277 8203 118 46 
H(19A) 7846 6279 -453 49 
H(20A) 9701 5158 -153 49 
H(21A) 10998 5967 717 40 
H(22A) 13200 9985 3275 64 
H(22B) 13581 11083 2777 64 
H(22C) 14226 9548 2877 64 
H(24) 11764 4709 2223 38 
H(25A) 11065 3417 1187 45 
H(25B) 11755 2457 1740 45 
H(26A) 9869 1453 1283 51 
H(26B) 9972 1685 2013 51 
H(30A) 10567 1955 4056 38 
H(31A) 8629 1052 4041 41 
H(33A) 7258 4664 3188 32 
H(35A) 11140 6334 4100 37 
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H(36A) 13151 7075 4205 45 
H(37A) 14599 5592 3872 50 
H(38A) 14038 3338 3461 57 
H(39A) 12034 2593 3359 48 
H(40A) 5916 2797 3318 66 
H(40B) 6265 2207 4008 66 
H(40C) 6456 1211 3436 66 
H(42A) 9446 7699 4088 33 
H(43A) 8746 8648 4954 38 
H(44A) 6689 9056 4935 37 
H(45A) 5331 8542 4039 39 
H(46A) 6034 7610 3171 33 
H(1S1) 6766 4077 4609 56 
H(1S2) 7233 5686 4544 56 
H(2S1) 5462 1318 8661 64 
H(2S2) 4384 224 8426 64 
H(3S1) 7628 4016 479 76 
H(3S2) 6680 3335 874 76 
________________________________________________________________________
page 442
 Table 6.  Torsion angles [°] for C46H40N2O2. 
________________________________________________________________  
C(10)-N(1)-C(1)-C(4) 85.3(2) 
C(2)-N(1)-C(1)-C(4) -149.5(2) 
C(10)-N(1)-C(1)-C(3) -154.73(18) 
C(2)-N(1)-C(1)-C(3) -29.5(2) 
C(10)-N(1)-C(2)-N(2) 140.27(18) 
C(1)-N(1)-C(2)-N(2) 11.2(2) 
C(10)-N(1)-C(2)-C(23) -93.2(2) 
C(1)-N(1)-C(2)-C(23) 137.69(19) 
C(28)-N(2)-C(2)-N(1) 156.44(19) 
C(3)-N(2)-C(2)-N(1) 13.2(2) 
C(28)-N(2)-C(2)-C(23) 33.2(3) 
C(3)-N(2)-C(2)-C(23) -110.1(2) 
C(28)-N(2)-C(3)-C(41) 65.5(3) 
C(2)-N(2)-C(3)-C(41) -151.4(2) 
C(28)-N(2)-C(3)-C(1) -173.85(18) 
C(2)-N(2)-C(3)-C(1) -30.8(2) 
N(1)-C(1)-C(3)-N(2) 36.1(2) 
C(4)-C(1)-C(3)-N(2) 157.51(19) 
N(1)-C(1)-C(3)-C(41) 157.55(18) 
C(4)-C(1)-C(3)-C(41) -81.0(2) 
N(1)-C(1)-C(4)-C(5) -128.0(2) 
C(3)-C(1)-C(4)-C(5) 117.2(2) 
N(1)-C(1)-C(4)-C(9) 55.3(3) 
C(3)-C(1)-C(4)-C(9) -59.6(3) 
C(9)-C(4)-C(5)-C(6) 0.1(4) 
C(1)-C(4)-C(5)-C(6) -176.7(2) 
C(4)-C(5)-C(6)-C(7) -0.2(4) 
C(5)-C(6)-C(7)-C(8) 0.5(4) 
C(6)-C(7)-C(8)-C(9) -0.7(4) 
C(7)-C(8)-C(9)-C(4) 0.6(4) 
C(5)-C(4)-C(9)-C(8) -0.3(4) 
C(1)-C(4)-C(9)-C(8) 176.5(2) 
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C(2)-N(1)-C(10)-C(15) -66.5(3) 
C(1)-N(1)-C(10)-C(15) 57.8(3) 
C(2)-N(1)-C(10)-C(11) 106.2(2) 
C(1)-N(1)-C(10)-C(11) -129.6(2) 
C(15)-C(10)-C(11)-C(12) 2.0(4) 
N(1)-C(10)-C(11)-C(12) -170.8(2) 
C(15)-C(10)-C(11)-C(16) -178.0(2) 
N(1)-C(10)-C(11)-C(16) 9.2(4) 
C(10)-C(11)-C(12)-C(13) -1.3(4) 
C(16)-C(11)-C(12)-C(13) 178.7(3) 
C(11)-C(12)-C(13)-C(14) 0.0(4) 
C(12)-C(13)-C(14)-C(15) 0.6(4) 
C(12)-C(13)-C(14)-C(22) 178.5(3) 
C(13)-C(14)-C(15)-C(10) 0.2(4) 
C(22)-C(14)-C(15)-C(10) -177.7(3) 
C(11)-C(10)-C(15)-C(14) -1.5(4) 
N(1)-C(10)-C(15)-C(14) 171.3(2) 
C(10)-C(11)-C(16)-C(17) 67.7(4) 
C(12)-C(11)-C(16)-C(17) -112.3(3) 
C(10)-C(11)-C(16)-C(21) -118.8(3) 
C(12)-C(11)-C(16)-C(21) 61.3(3) 
C(21)-C(16)-C(17)-C(18) 0.6(4) 
C(11)-C(16)-C(17)-C(18) 174.3(2) 
C(16)-C(17)-C(18)-C(19) -0.5(4) 
C(17)-C(18)-C(19)-C(20) 0.3(5) 
C(18)-C(19)-C(20)-C(21) -0.1(5) 
C(19)-C(20)-C(21)-C(16) 0.2(4) 
C(17)-C(16)-C(21)-C(20) -0.4(4) 
C(11)-C(16)-C(21)-C(20) -174.1(3) 
N(1)-C(2)-C(23)-C(24) 106.9(2) 
N(2)-C(2)-C(23)-C(24) -133.6(2) 
N(1)-C(2)-C(23)-C(27) -65.4(3) 
N(2)-C(2)-C(23)-C(27) 54.1(3) 
C(27)-C(23)-C(24)-C(25) -5.6(4) 
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C(2)-C(23)-C(24)-C(25) -177.8(2) 
C(23)-C(24)-C(25)-C(26) -25.8(4) 
C(27)-O(1)-C(26)-C(25) -49.0(3) 
C(24)-C(25)-C(26)-O(1) 50.8(3) 
C(26)-O(1)-C(27)-O(2) -165.6(2) 
C(26)-O(1)-C(27)-C(23) 16.5(3) 
C(24)-C(23)-C(27)-O(2) -166.1(3) 
C(2)-C(23)-C(27)-O(2) 6.1(4) 
C(24)-C(23)-C(27)-O(1) 11.6(3) 
C(2)-C(23)-C(27)-O(1) -176.1(2) 
C(3)-N(2)-C(28)-C(33) 16.9(3) 
C(2)-N(2)-C(28)-C(33) -122.6(2) 
C(3)-N(2)-C(28)-C(29) -163.4(2) 
C(2)-N(2)-C(28)-C(29) 57.1(3) 
C(33)-C(28)-C(29)-C(30) 2.6(3) 
N(2)-C(28)-C(29)-C(30) -177.1(2) 
C(33)-C(28)-C(29)-C(34) -176.4(2) 
N(2)-C(28)-C(29)-C(34) 3.9(3) 
C(28)-C(29)-C(30)-C(31) -2.2(4) 
C(34)-C(29)-C(30)-C(31) 176.7(2) 
C(29)-C(30)-C(31)-C(32) 0.4(4) 
C(30)-C(31)-C(32)-C(33) 1.2(4) 
C(30)-C(31)-C(32)-C(40) 178.8(3) 
C(31)-C(32)-C(33)-C(28) -0.8(4) 
C(40)-C(32)-C(33)-C(28) -178.4(2) 
C(29)-C(28)-C(33)-C(32) -1.1(3) 
N(2)-C(28)-C(33)-C(32) 178.6(2) 
C(30)-C(29)-C(34)-C(39) 50.2(3) 
C(28)-C(29)-C(34)-C(39) -130.9(3) 
C(30)-C(29)-C(34)-C(35) -127.5(3) 
C(28)-C(29)-C(34)-C(35) 51.5(3) 
C(39)-C(34)-C(35)-C(36) 1.1(4) 
C(29)-C(34)-C(35)-C(36) 178.8(2) 
C(34)-C(35)-C(36)-C(37) 0.0(4) 
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C(35)-C(36)-C(37)-C(38) -1.0(4) 
C(36)-C(37)-C(38)-C(39) 0.9(5) 
C(35)-C(34)-C(39)-C(38) -1.2(4) 
C(29)-C(34)-C(39)-C(38) -179.0(3) 
C(37)-C(38)-C(39)-C(34) 0.2(5) 
N(2)-C(3)-C(41)-C(46) -144.7(2) 
C(1)-C(3)-C(41)-C(46) 100.5(3) 
N(2)-C(3)-C(41)-C(42) 37.6(3) 
C(1)-C(3)-C(41)-C(42) -77.2(3) 
C(46)-C(41)-C(42)-C(43) -0.4(4) 
C(3)-C(41)-C(42)-C(43) 177.3(2) 
C(41)-C(42)-C(43)-C(44) 0.6(4) 
C(42)-C(43)-C(44)-C(45) -0.5(4) 
C(43)-C(44)-C(45)-C(46) 0.2(4) 
C(42)-C(41)-C(46)-C(45) 0.1(4) 
C(3)-C(41)-C(46)-C(45) -177.6(2) 
C(44)-C(45)-C(46)-C(41) -0.1(4) 
________________________________________________________________  
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X-Ray crystal data for hydrolysis side products (4.103). 
 
Table 1.  Crystal data and structure refinement for C21H44B2N2O7. 
Identification code  C21H44B2N2O7 
Empirical formula  C21 H44 B2 N2 O7 
Formula weight  458.20 
Temperature  100(2) K 
Wavelength  1.54178 Å 
Crystal system  Monoclinic 
Space group  P c 
Unit cell dimensions a = 8.1777(3) Å = 90°. 
 b = 17.5288(6) Å = 101.375(2)°. 
 c = 18.6171(6) Å  = 90°. 
Volume 2616.25(16) Å3 
Z 4 
Density (calculated) 1.163 Mg/m3 
Absorption coefficient 0.684 mm-1 
F(000) 1000 
Crystal size 0.15 x 0.10 x 0.06 mm3 
Theta range for data collection 5.52 to 67.81°. 
Index ranges -9<=h<=8, -20<=k<=20, -21<=l<=22 
Reflections collected 17780 
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Independent reflections 6250 [R(int) = 0.0324] 
Completeness to theta = 66.50° 98.5 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9601 and 0.9044 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 6250 / 2 / 615 
Goodness-of-fit on F2 1.013 
Final R indices [I>2sigma(I)] R1 = 0.0309, wR2 = 0.0815 
R indices (all data) R1 = 0.0315, wR2 = 0.0823 
Extinction coefficient na 
Largest diff. peak and hole 0.199 and -0.170 e.Å-3 
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Table 2.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters 
(Å2x 103) for C21H44B2N2O7.  U(eq) is defined as one third of  the trace of the 
orthogonalized Uij tensor. 
________________________________________________________________________  
 x y z U(eq) 
________________________________________________________________________  
B(1) 949(2) 9786(1) 2556(1) 18(1) 
O(1) -236(2) 10323(1) 2772(1) 20(1) 
O(2) 2585(2) 10090(1) 2895(1) 19(1) 
O(3) 548(2) 9012(1) 2784(1) 19(1) 
O(4) 858(2) 9707(1) 1756(1) 20(1) 
C(1) 601(2) 11009(1) 3038(1) 20(1) 
C(2) 2400(2) 10713(1) 3367(1) 20(1) 
C(3) 617(2) 8485(1) 2202(1) 21(1) 
C(4) 94(2) 8992(1) 1510(1) 21(1) 
C(5) 562(3) 11553(1) 2397(1) 26(1) 
C(6) -311(3) 11372(1) 3594(1) 28(1) 
C(7) 3780(3) 11289(1) 3343(1) 29(1) 
C(8) 2538(3) 10408(1) 4146(1) 28(1) 
C(9) 2405(3) 8193(1) 2283(1) 28(1) 
C(10) -557(3) 7823(1) 2254(1) 32(1) 
C(11) 755(3) 8726(1) 843(1) 26(1) 
C(12) -1790(2) 9115(1) 1301(1) 26(1) 
C(13) 4602(2) 9684(1) 6225(1) 26(1) 
C(14) 5601(2) 8980(1) 6117(1) 26(1) 
C(15) 5066(2) 8690(1) 5338(1) 27(1) 
N(1) 3242(2) 8652(1) 5117(1) 22(1) 
C(17) 2585(2) 8206(1) 4447(1) 27(1) 
C(18) 1793(3) 7452(1) 4605(1) 29(1) 
C(19) 47(3) 7534(1) 4768(1) 30(1) 
C(20) -105(2) 8066(1) 5400(1) 24(1) 
C(21) 397(2) 8898(1) 5295(1) 22(1) 
C(22) 2248(2) 9026(1) 5476(1) 18(1) 
N(2) 2828(2) 9502(1) 6009(1) 20(1) 
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B(2) 6646(3) 9348(1) 3329(1) 20(1) 
O(5) 6673(2) 9961(1) 2880(1) 25(1) 
O(6) 8017(2) 8899(1) 3576(1) 27(1) 
O(7) 5215(2) 9162(1) 3555(1) 27(1) 
B(3) 5635(2) 4644(1) 2708(1) 19(1) 
O(8) 7050(2) 4204(1) 2561(1) 22(1) 
O(9) 4166(2) 4243(1) 2303(1) 22(1) 
O(10) 5790(2) 5445(1) 2476(1) 23(1) 
O(11) 5476(2) 4715(1) 3479(1) 24(1) 
C(24) 6456(2) 3502(1) 2202(1) 24(1) 
C(25) 4657(2) 3709(1) 1809(1) 22(1) 
C(26) 5372(3) 5951(1) 3014(1) 24(1) 
C(28) 6468(3) 2886(1) 2789(1) 33(1) 
C(29) 7626(3) 3273(1) 1697(1) 39(1) 
C(30) 3430(3) 3045(1) 1704(1) 28(1) 
C(31) 4608(3) 4105(1) 1078(1) 32(1) 
C(32) 3505(3) 6096(1) 2831(1) 34(1) 
C(33) 6295(3) 6702(1) 2994(1) 35(1) 
C(27) 6021(8) 5479(2) 3711(2) 26(1) 
C(34) 5223(8) 5689(2) 4353(2) 49(2) 
C(35) 7915(5) 5498(2) 3952(2) 44(1) 
C(27X) 5538(17) 5470(8) 3784(9) 24(4) 
C(34X) 4259(16) 5626(6) 4250(5) 28(3) 
C(35X) 7264(16) 5526(6) 4212(7) 36(3) 
C(36) 9483(3) 5566(1) 1725(1) 31(1) 
C(37) 10214(3) 5437(1) 1047(1) 33(1) 
C(38) 9792(2) 6109(1) 526(1) 28(1) 
N(3) 7993(2) 6269(1) 386(1) 22(1) 
C(40) 7281(2) 6675(1) -300(1) 24(1) 
C(41) 6694(3) 7484(1) -177(1) 25(1) 
C(42) 4995(3) 7528(1) 39(1) 27(1) 
C(43) 4875(2) 7118(1) 748(1) 26(1) 
C(44) 5245(2) 6257(1) 731(1) 24(1) 
C(45) 7079(2) 6086(1) 874(1) 21(1) 
page 450
N(4) 7725(2) 5767(1) 1502(1) 24(1) 
B(4) 1333(3) 4044(1) 3426(1) 26(1) 
O(12) 2791(2) 4027(1) 3934(1) 42(1) 
O(13) 1261(2) 4167(1) 2701(1) 26(1) 
O(14) -112(2) 3935(1) 3670(1) 37(1) 
________________________________________________________________________
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 Table 3.   Bond lengths [Å] and angles [°] for  C21H44B2N2O7. 
_____________________________________________________  
B(1)-O(2)  1.462(2) 
B(1)-O(1)  1.463(2) 
B(1)-O(3)  1.478(2) 
B(1)-O(4)  1.483(2) 
O(1)-C(1)  1.425(2) 
O(2)-C(2)  1.429(2) 
O(3)-C(3)  1.432(2) 
O(4)-C(4)  1.435(2) 
C(1)-C(5)  1.523(2) 
C(1)-C(6)  1.528(2) 
C(1)-C(2)  1.566(2) 
C(2)-C(7)  1.521(3) 
C(2)-C(8)  1.528(2) 
C(3)-C(10)  1.521(3) 
C(3)-C(9)  1.529(3) 
C(3)-C(4)  1.554(2) 
C(4)-C(11)  1.522(2) 
C(4)-C(12)  1.528(3) 
C(5)-H(5A)  0.9800 
C(5)-H(5B)  0.9800 
C(5)-H(5C)  0.9800 
C(6)-H(6A)  0.9800 
C(6)-H(6B)  0.9800 
C(6)-H(6C)  0.9800 
C(7)-H(7A)  0.9800 
C(7)-H(7B)  0.9800 
C(7)-H(7C)  0.9800 
C(8)-H(8A)  0.9800 
C(8)-H(8B)  0.9800 
C(8)-H(8C)  0.9800 
C(9)-H(9A)  0.9800 
C(9)-H(9B)  0.9800 
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C(9)-H(9C)  0.9800 
C(10)-H(10A)  0.9800 
C(10)-H(10B)  0.9800 
C(10)-H(10C)  0.9800 
C(11)-H(11A)  0.9800 
C(11)-H(11B)  0.9800 
C(11)-H(11C)  0.9800 
C(12)-H(12A)  0.9800 
C(12)-H(12B)  0.9800 
C(12)-H(12C)  0.9800 
C(13)-N(2)  1.463(2) 
C(13)-C(14)  1.515(3) 
C(13)-H(13A)  0.9900 
C(13)-H(13B)  0.9900 
C(14)-C(15)  1.519(3) 
C(14)-H(14A)  0.9900 
C(14)-H(14B)  0.9900 
C(15)-N(1)  1.469(2) 
C(15)-H(15A)  0.9900 
C(15)-H(15B)  0.9900 
N(1)-C(22)  1.323(2) 
N(1)-C(17)  1.480(2) 
C(17)-C(18)  1.526(3) 
C(17)-H(17A)  0.9900 
C(17)-H(17B)  0.9900 
C(18)-C(19)  1.524(3) 
C(18)-H(18A)  0.9900 
C(18)-H(18B)  0.9900 
C(19)-C(20)  1.526(3) 
C(19)-H(19A)  0.9900 
C(19)-H(19B)  0.9900 
C(20)-C(21)  1.537(3) 
C(20)-H(20A)  0.9900 
C(20)-H(20B)  0.9900 
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C(21)-C(22)  1.501(2) 
C(21)-H(21A)  0.9900 
C(21)-H(21B)  0.9900 
C(22)-N(2)  1.312(2) 
N(2)-H(2N)  0.90(3) 
B(2)-O(7)  1.358(2) 
B(2)-O(5)  1.364(2) 
B(2)-O(6)  1.373(3) 
O(5)-H(5O)  0.81(3) 
O(6)-H(6O)  0.83(3) 
O(7)-H(7O)  0.80(3) 
B(3)-O(8)  1.461(2) 
B(3)-O(9)  1.466(2) 
B(3)-O(11)  1.471(2) 
B(3)-O(10)  1.482(2) 
O(8)-C(24)  1.437(2) 
O(9)-C(25)  1.425(2) 
O(10)-C(26)  1.429(2) 
O(11)-C(27)  1.449(4) 
C(24)-C(29)  1.522(3) 
C(24)-C(28)  1.534(3) 
C(24)-C(25)  1.551(3) 
C(25)-C(31)  1.523(2) 
C(25)-C(30)  1.523(3) 
C(26)-C(32)  1.519(3) 
C(26)-C(33)  1.521(3) 
C(26)-C(27)  1.543(4) 
C(28)-H(28A)  0.9800 
C(28)-H(28B)  0.9800 
C(28)-H(28C)  0.9800 
C(29)-H(29A)  0.9800 
C(29)-H(29B)  0.9800 
C(29)-H(29C)  0.9800 
C(30)-H(30A)  0.9800 
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C(30)-H(30B)  0.9800 
C(30)-H(30C)  0.9800 
C(31)-H(31A)  0.9800 
C(31)-H(31B)  0.9800 
C(31)-H(31C)  0.9800 
C(32)-H(32A)  0.9800 
C(32)-H(32B)  0.9800 
C(32)-H(32C)  0.9800 
C(33)-H(33A)  0.9800 
C(33)-H(33B)  0.9800 
C(33)-H(33C)  0.9800 
C(27)-C(34)  1.514(5) 
C(27)-C(35)  1.526(7) 
C(34)-H(34A)  0.9800 
C(34)-H(34B)  0.9800 
C(34)-H(34C)  0.9800 
C(35)-H(35A)  0.9800 
C(35)-H(35B)  0.9800 
C(35)-H(35C)  0.9800 
C(36)-N(4)  1.459(3) 
C(36)-C(37)  1.518(3) 
C(36)-H(36A)  0.9900 
C(36)-H(36B)  0.9900 
C(37)-C(38)  1.521(3) 
C(37)-H(37A)  0.9900 
C(37)-H(37B)  0.9900 
C(38)-N(3)  1.470(2) 
C(38)-H(38A)  0.9900 
C(38)-H(38B)  0.9900 
N(3)-C(45)  1.325(2) 
N(3)-C(40)  1.478(2) 
C(40)-C(41)  1.528(3) 
C(40)-H(40A)  0.9900 
C(40)-H(40B)  0.9900 
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C(41)-C(42)  1.522(3) 
C(41)-H(41A)  0.9900 
C(41)-H(41B)  0.9900 
C(42)-C(43)  1.524(3) 
C(42)-H(42A)  0.9900 
C(42)-H(42B)  0.9900 
C(43)-C(44)  1.541(3) 
C(43)-H(43A)  0.9900 
C(43)-H(43B)  0.9900 
C(44)-C(45)  1.501(3) 
C(44)-H(44A)  0.9900 
C(44)-H(44B)  0.9900 
C(45)-N(4)  1.309(3) 
N(4)-H(4N)  0.84(3) 
B(4)-O(13)  1.358(3) 
B(4)-O(14)  1.360(3) 
B(4)-O(12)  1.368(3) 
O(12)-H(12O)  0.91(4) 
O(13)-H(13O)  0.91(3) 
O(14)-H(14O)  0.82(4) 
 
O(2)-B(1)-O(1) 104.25(14) 
O(2)-B(1)-O(3) 116.52(14) 
O(1)-B(1)-O(3) 108.37(13) 
O(2)-B(1)-O(4) 109.15(13) 
O(1)-B(1)-O(4) 115.50(14) 
O(3)-B(1)-O(4) 103.50(14) 
C(1)-O(1)-B(1) 109.89(13) 
C(2)-O(2)-B(1) 110.20(13) 
C(3)-O(3)-B(1) 109.30(12) 
C(4)-O(4)-B(1) 109.49(13) 
O(1)-C(1)-C(5) 108.68(14) 
O(1)-C(1)-C(6) 108.79(15) 
C(5)-C(1)-C(6) 109.42(15) 
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O(1)-C(1)-C(2) 101.89(13) 
C(5)-C(1)-C(2) 112.79(15) 
C(6)-C(1)-C(2) 114.83(15) 
O(2)-C(2)-C(7) 108.68(14) 
O(2)-C(2)-C(8) 108.60(14) 
C(7)-C(2)-C(8) 110.09(15) 
O(2)-C(2)-C(1) 102.62(13) 
C(7)-C(2)-C(1) 114.40(15) 
C(8)-C(2)-C(1) 112.03(14) 
O(3)-C(3)-C(10) 108.92(14) 
O(3)-C(3)-C(9) 108.72(14) 
C(10)-C(3)-C(9) 109.96(16) 
O(3)-C(3)-C(4) 102.29(13) 
C(10)-C(3)-C(4) 114.55(16) 
C(9)-C(3)-C(4) 111.98(14) 
O(4)-C(4)-C(11) 109.01(14) 
O(4)-C(4)-C(12) 108.16(14) 
C(11)-C(4)-C(12) 109.76(15) 
O(4)-C(4)-C(3) 101.78(13) 
C(11)-C(4)-C(3) 114.67(15) 
C(12)-C(4)-C(3) 112.95(15) 
C(1)-C(5)-H(5A) 109.5 
C(1)-C(5)-H(5B) 109.5 
H(5A)-C(5)-H(5B) 109.5 
C(1)-C(5)-H(5C) 109.5 
H(5A)-C(5)-H(5C) 109.5 
H(5B)-C(5)-H(5C) 109.5 
C(1)-C(6)-H(6A) 109.5 
C(1)-C(6)-H(6B) 109.5 
H(6A)-C(6)-H(6B) 109.5 
C(1)-C(6)-H(6C) 109.5 
H(6A)-C(6)-H(6C) 109.5 
H(6B)-C(6)-H(6C) 109.5 
C(2)-C(7)-H(7A) 109.5 
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C(2)-C(7)-H(7B) 109.5 
H(7A)-C(7)-H(7B) 109.5 
C(2)-C(7)-H(7C) 109.5 
H(7A)-C(7)-H(7C) 109.5 
H(7B)-C(7)-H(7C) 109.5 
C(2)-C(8)-H(8A) 109.5 
C(2)-C(8)-H(8B) 109.5 
H(8A)-C(8)-H(8B) 109.5 
C(2)-C(8)-H(8C) 109.5 
H(8A)-C(8)-H(8C) 109.5 
H(8B)-C(8)-H(8C) 109.5 
C(3)-C(9)-H(9A) 109.5 
C(3)-C(9)-H(9B) 109.5 
H(9A)-C(9)-H(9B) 109.5 
C(3)-C(9)-H(9C) 109.5 
H(9A)-C(9)-H(9C) 109.5 
H(9B)-C(9)-H(9C) 109.5 
C(3)-C(10)-H(10A) 109.5 
C(3)-C(10)-H(10B) 109.5 
H(10A)-C(10)-H(10B) 109.5 
C(3)-C(10)-H(10C) 109.5 
H(10A)-C(10)-H(10C) 109.5 
H(10B)-C(10)-H(10C) 109.5 
C(4)-C(11)-H(11A) 109.5 
C(4)-C(11)-H(11B) 109.5 
H(11A)-C(11)-H(11B) 109.5 
C(4)-C(11)-H(11C) 109.5 
H(11A)-C(11)-H(11C) 109.5 
H(11B)-C(11)-H(11C) 109.5 
C(4)-C(12)-H(12A) 109.5 
C(4)-C(12)-H(12B) 109.5 
H(12A)-C(12)-H(12B) 109.5 
C(4)-C(12)-H(12C) 109.5 
H(12A)-C(12)-H(12C) 109.5 
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H(12B)-C(12)-H(12C) 109.5 
N(2)-C(13)-C(14) 108.51(15) 
N(2)-C(13)-H(13A) 110.0 
C(14)-C(13)-H(13A) 110.0 
N(2)-C(13)-H(13B) 110.0 
C(14)-C(13)-H(13B) 110.0 
H(13A)-C(13)-H(13B) 108.4 
C(13)-C(14)-C(15) 109.80(16) 
C(13)-C(14)-H(14A) 109.7 
C(15)-C(14)-H(14A) 109.7 
C(13)-C(14)-H(14B) 109.7 
C(15)-C(14)-H(14B) 109.7 
H(14A)-C(14)-H(14B) 108.2 
N(1)-C(15)-C(14) 111.58(14) 
N(1)-C(15)-H(15A) 109.3 
C(14)-C(15)-H(15A) 109.3 
N(1)-C(15)-H(15B) 109.3 
C(14)-C(15)-H(15B) 109.3 
H(15A)-C(15)-H(15B) 108.0 
C(22)-N(1)-C(15) 121.84(15) 
C(22)-N(1)-C(17) 121.99(16) 
C(15)-N(1)-C(17) 116.08(14) 
N(1)-C(17)-C(18) 113.11(14) 
N(1)-C(17)-H(17A) 109.0 
C(18)-C(17)-H(17A) 109.0 
N(1)-C(17)-H(17B) 109.0 
C(18)-C(17)-H(17B) 109.0 
H(17A)-C(17)-H(17B) 107.8 
C(19)-C(18)-C(17) 114.02(16) 
C(19)-C(18)-H(18A) 108.7 
C(17)-C(18)-H(18A) 108.7 
C(19)-C(18)-H(18B) 108.7 
C(17)-C(18)-H(18B) 108.7 
H(18A)-C(18)-H(18B) 107.6 
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C(18)-C(19)-C(20) 115.69(17) 
C(18)-C(19)-H(19A) 108.4 
C(20)-C(19)-H(19A) 108.4 
C(18)-C(19)-H(19B) 108.4 
C(20)-C(19)-H(19B) 108.4 
H(19A)-C(19)-H(19B) 107.4 
C(19)-C(20)-C(21) 114.66(15) 
C(19)-C(20)-H(20A) 108.6 
C(21)-C(20)-H(20A) 108.6 
C(19)-C(20)-H(20B) 108.6 
C(21)-C(20)-H(20B) 108.6 
H(20A)-C(20)-H(20B) 107.6 
C(22)-C(21)-C(20) 113.34(15) 
C(22)-C(21)-H(21A) 108.9 
C(20)-C(21)-H(21A) 108.9 
C(22)-C(21)-H(21B) 108.9 
C(20)-C(21)-H(21B) 108.9 
H(21A)-C(21)-H(21B) 107.7 
N(2)-C(22)-N(1) 122.05(17) 
N(2)-C(22)-C(21) 117.58(15) 
N(1)-C(22)-C(21) 120.35(15) 
C(22)-N(2)-C(13) 122.58(15) 
C(22)-N(2)-H(2N) 120.3(15) 
C(13)-N(2)-H(2N) 117.1(15) 
O(7)-B(2)-O(5) 119.81(17) 
O(7)-B(2)-O(6) 117.15(17) 
O(5)-B(2)-O(6) 123.04(17) 
B(2)-O(5)-H(5O) 114(2) 
B(2)-O(6)-H(6O) 111.5(19) 
B(2)-O(7)-H(7O) 112(2) 
O(8)-B(3)-O(9) 104.40(14) 
O(8)-B(3)-O(11) 116.95(15) 
O(9)-B(3)-O(11) 108.75(14) 
O(8)-B(3)-O(10) 109.19(14) 
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O(9)-B(3)-O(10) 114.41(15) 
O(11)-B(3)-O(10) 103.53(14) 
C(24)-O(8)-B(3) 109.36(14) 
C(25)-O(9)-B(3) 109.91(13) 
C(26)-O(10)-B(3) 109.65(13) 
C(27)-O(11)-B(3) 106.7(2) 
O(8)-C(24)-C(29) 108.47(16) 
O(8)-C(24)-C(28) 108.52(15) 
C(29)-C(24)-C(28) 109.72(17) 
O(8)-C(24)-C(25) 102.82(14) 
C(29)-C(24)-C(25) 115.02(17) 
C(28)-C(24)-C(25) 111.87(16) 
O(9)-C(25)-C(31) 108.43(15) 
O(9)-C(25)-C(30) 108.81(15) 
C(31)-C(25)-C(30) 109.42(15) 
O(9)-C(25)-C(24) 102.16(13) 
C(31)-C(25)-C(24) 112.61(16) 
C(30)-C(25)-C(24) 114.96(16) 
O(10)-C(26)-C(32) 108.39(15) 
O(10)-C(26)-C(33) 109.33(16) 
C(32)-C(26)-C(33) 109.33(16) 
O(10)-C(26)-C(27) 99.63(19) 
C(32)-C(26)-C(27) 116.2(3) 
C(33)-C(26)-C(27) 113.3(2) 
C(24)-C(28)-H(28A) 109.5 
C(24)-C(28)-H(28B) 109.5 
H(28A)-C(28)-H(28B) 109.5 
C(24)-C(28)-H(28C) 109.5 
H(28A)-C(28)-H(28C) 109.5 
H(28B)-C(28)-H(28C) 109.5 
C(24)-C(29)-H(29A) 109.5 
C(24)-C(29)-H(29B) 109.5 
H(29A)-C(29)-H(29B) 109.5 
C(24)-C(29)-H(29C) 109.5 
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H(29A)-C(29)-H(29C) 109.5 
H(29B)-C(29)-H(29C) 109.5 
C(25)-C(30)-H(30A) 109.5 
C(25)-C(30)-H(30B) 109.5 
H(30A)-C(30)-H(30B) 109.5 
C(25)-C(30)-H(30C) 109.5 
H(30A)-C(30)-H(30C) 109.5 
H(30B)-C(30)-H(30C) 109.5 
C(25)-C(31)-H(31A) 109.5 
C(25)-C(31)-H(31B) 109.5 
H(31A)-C(31)-H(31B) 109.5 
C(25)-C(31)-H(31C) 109.5 
H(31A)-C(31)-H(31C) 109.5 
H(31B)-C(31)-H(31C) 109.5 
C(26)-C(32)-H(32A) 109.5 
C(26)-C(32)-H(32B) 109.5 
H(32A)-C(32)-H(32B) 109.5 
C(26)-C(32)-H(32C) 109.5 
H(32A)-C(32)-H(32C) 109.5 
H(32B)-C(32)-H(32C) 109.5 
C(26)-C(33)-H(33A) 109.5 
C(26)-C(33)-H(33B) 109.5 
H(33A)-C(33)-H(33B) 109.5 
C(26)-C(33)-H(33C) 109.5 
H(33A)-C(33)-H(33C) 109.5 
H(33B)-C(33)-H(33C) 109.5 
O(11)-C(27)-C(34) 107.8(3) 
O(11)-C(27)-C(35) 110.1(3) 
C(34)-C(27)-C(35) 109.4(3) 
O(11)-C(27)-C(26) 102.1(2) 
C(34)-C(27)-C(26) 113.7(3) 
C(35)-C(27)-C(26) 113.3(3) 
C(27)-C(34)-H(34A) 109.5 
C(27)-C(34)-H(34B) 109.5 
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H(34A)-C(34)-H(34B) 109.5 
C(27)-C(34)-H(34C) 109.5 
H(34A)-C(34)-H(34C) 109.5 
H(34B)-C(34)-H(34C) 109.5 
C(27)-C(35)-H(35A) 109.5 
C(27)-C(35)-H(35B) 109.5 
H(35A)-C(35)-H(35B) 109.5 
C(27)-C(35)-H(35C) 109.5 
H(35A)-C(35)-H(35C) 109.5 
H(35B)-C(35)-H(35C) 109.5 
N(4)-C(36)-C(37) 109.03(16) 
N(4)-C(36)-H(36A) 109.9 
C(37)-C(36)-H(36A) 109.9 
N(4)-C(36)-H(36B) 109.9 
C(37)-C(36)-H(36B) 109.9 
H(36A)-C(36)-H(36B) 108.3 
C(36)-C(37)-C(38) 109.76(16) 
C(36)-C(37)-H(37A) 109.7 
C(38)-C(37)-H(37A) 109.7 
C(36)-C(37)-H(37B) 109.7 
C(38)-C(37)-H(37B) 109.7 
H(37A)-C(37)-H(37B) 108.2 
N(3)-C(38)-C(37) 110.77(16) 
N(3)-C(38)-H(38A) 109.5 
C(37)-C(38)-H(38A) 109.5 
N(3)-C(38)-H(38B) 109.5 
C(37)-C(38)-H(38B) 109.5 
H(38A)-C(38)-H(38B) 108.1 
C(45)-N(3)-C(38) 120.82(16) 
C(45)-N(3)-C(40) 122.01(16) 
C(38)-N(3)-C(40) 117.10(14) 
N(3)-C(40)-C(41) 113.46(14) 
N(3)-C(40)-H(40A) 108.9 
C(41)-C(40)-H(40A) 108.9 
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N(3)-C(40)-H(40B) 108.9 
C(41)-C(40)-H(40B) 108.9 
H(40A)-C(40)-H(40B) 107.7 
C(42)-C(41)-C(40) 114.63(16) 
C(42)-C(41)-H(41A) 108.6 
C(40)-C(41)-H(41A) 108.6 
C(42)-C(41)-H(41B) 108.6 
C(40)-C(41)-H(41B) 108.6 
H(41A)-C(41)-H(41B) 107.6 
C(41)-C(42)-C(43) 114.98(16) 
C(41)-C(42)-H(42A) 108.5 
C(43)-C(42)-H(42A) 108.5 
C(41)-C(42)-H(42B) 108.5 
C(43)-C(42)-H(42B) 108.5 
H(42A)-C(42)-H(42B) 107.5 
C(42)-C(43)-C(44) 113.42(15) 
C(42)-C(43)-H(43A) 108.9 
C(44)-C(43)-H(43A) 108.9 
C(42)-C(43)-H(43B) 108.9 
C(44)-C(43)-H(43B) 108.9 
H(43A)-C(43)-H(43B) 107.7 
C(45)-C(44)-C(43) 112.63(15) 
C(45)-C(44)-H(44A) 109.1 
C(43)-C(44)-H(44A) 109.1 
C(45)-C(44)-H(44B) 109.1 
C(43)-C(44)-H(44B) 109.1 
H(44A)-C(44)-H(44B) 107.8 
N(4)-C(45)-N(3) 122.20(18) 
N(4)-C(45)-C(44) 117.19(16) 
N(3)-C(45)-C(44) 120.60(16) 
C(45)-N(4)-C(36) 124.02(16) 
C(45)-N(4)-H(4N) 117.3(17) 
C(36)-N(4)-H(4N) 118.7(17) 
O(13)-B(4)-O(14) 118.94(19) 
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O(13)-B(4)-O(12) 123.55(19) 
O(14)-B(4)-O(12) 117.51(18) 
B(4)-O(12)-H(12O) 109(2) 
B(4)-O(13)-H(13O) 113.6(17) 
B(4)-O(14)-H(14O) 112(2) 
_____________________________________________________________  
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Table 4.   Anisotropic displacement parameters  (Å2x 103) for C21H44B2N2O7.  The 
anisotropic displacement factor exponent takes the form:  -22[ h2 a*2U11 + ...  + 2 h k 
a* b* U12 ] 
________________________________________________________________________  
 U11 U22  U33 U23 U13 U12 
________________________________________________________________________  
B(1) 17(1)  19(1) 19(1)  2(1) 5(1)  1(1) 
O(1) 17(1)  19(1) 25(1)  -3(1) 5(1)  -1(1) 
O(2) 18(1)  19(1) 20(1)  -2(1) 5(1)  -2(1) 
O(3) 23(1)  17(1) 18(1)  0(1) 8(1)  -2(1) 
O(4) 23(1)  18(1) 18(1)  0(1) 5(1)  -4(1) 
C(1) 24(1)  17(1) 20(1)  -2(1) 7(1)  -1(1) 
C(2) 22(1)  19(1) 19(1)  -1(1) 4(1)  0(1) 
C(3) 27(1)  16(1) 22(1)  -2(1) 10(1)  0(1) 
C(4) 23(1)  20(1) 20(1)  -4(1) 5(1)  -2(1) 
C(5) 32(1)  20(1) 26(1)  3(1) 5(1)  1(1) 
C(6) 33(1)  24(1) 28(1)  -3(1) 10(1)  6(1) 
C(7) 27(1)  27(1) 32(1)  -6(1) 4(1)  -7(1) 
C(8) 32(1)  32(1) 19(1)  0(1) 6(1)  4(1) 
C(9) 33(1)  24(1) 26(1)  -1(1) 7(1)  8(1) 
C(10) 43(1)  21(1) 32(1)  -3(1) 12(1)  -7(1) 
C(11) 29(1)  26(1) 23(1)  -5(1) 8(1)  -3(1) 
C(12) 25(1)  27(1) 26(1)  -5(1) 3(1)  -1(1) 
C(13) 24(1)  27(1) 28(1)  -3(1) 4(1)  -6(1) 
C(14) 20(1)  29(1) 27(1)  4(1) 2(1)  1(1) 
C(15) 21(1)  32(1) 28(1)  3(1) 9(1)  5(1) 
N(1) 24(1)  24(1) 17(1)  0(1) 5(1)  4(1) 
C(17) 34(1)  29(1) 17(1)  -2(1) 6(1)  7(1) 
C(18) 44(1)  22(1) 20(1)  -4(1) 2(1)  7(1) 
C(19) 38(1)  22(1) 27(1)  -1(1) -1(1)  -3(1) 
C(20) 23(1)  25(1) 25(1)  1(1) 4(1)  -2(1) 
C(21) 20(1)  22(1) 22(1)  -2(1) 2(1)  1(1) 
C(22) 21(1)  18(1) 16(1)  3(1) 4(1)  2(1) 
N(2) 21(1)  22(1) 19(1)  -3(1) 6(1)  0(1) 
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B(2) 19(1)  28(1) 15(1)  -1(1) 4(1)  0(1) 
O(5) 17(1)  31(1) 28(1)  8(1) 6(1)  2(1) 
O(6) 21(1)  34(1) 26(1)  10(1) 8(1)  4(1) 
O(7) 20(1)  34(1) 27(1)  8(1) 8(1)  3(1) 
B(3) 20(1)  17(1) 19(1)  1(1) 6(1)  -2(1) 
O(8) 20(1)  19(1) 29(1)  -3(1) 6(1)  -1(1) 
O(9) 21(1)  23(1) 23(1)  -6(1) 7(1)  -1(1) 
O(10) 29(1)  18(1) 25(1)  1(1) 13(1)  0(1) 
O(11) 38(1)  17(1) 18(1)  -1(1) 5(1)  0(1) 
C(24) 25(1)  20(1) 29(1)  -3(1) 7(1)  0(1) 
C(25) 28(1)  20(1) 19(1)  -3(1) 7(1)  0(1) 
C(26) 33(1)  17(1) 21(1)  -3(1) 6(1)  0(1) 
C(28) 39(1)  23(1) 33(1)  0(1) -3(1)  -1(1) 
C(29) 35(1)  30(1) 55(1)  -12(1) 19(1)  1(1) 
C(30) 32(1)  26(1) 27(1)  -6(1) 6(1)  -5(1) 
C(31) 51(1)  26(1) 20(1)  -1(1) 7(1)  -3(1) 
C(32) 36(1)  22(1) 50(1)  0(1) 18(1)  6(1) 
C(33) 41(1)  21(1) 42(1)  -2(1) 5(1)  -6(1) 
C(27) 46(3)  17(2) 16(2)  -3(1) 7(2)  -3(1) 
C(34) 101(5)  24(2) 26(2)  -4(1) 26(2)  1(2) 
C(35) 51(2)  27(2) 43(2)  -2(1) -22(2)  -6(1) 
C(36) 26(1)  33(1) 34(1)  10(1) 7(1)  7(1) 
C(37) 25(1)  36(1) 39(1)  4(1) 9(1)  9(1) 
C(38) 24(1)  33(1) 28(1)  0(1) 11(1)  2(1) 
N(3) 24(1)  23(1) 21(1)  1(1) 8(1)  3(1) 
C(40) 29(1)  26(1) 17(1)  -1(1) 6(1)  -1(1) 
C(41) 34(1)  22(1) 19(1)  0(1) 5(1)  -2(1) 
C(42) 34(1)  23(1) 24(1)  2(1) 2(1)  7(1) 
C(43) 24(1)  30(1) 26(1)  1(1) 7(1)  7(1) 
C(44) 23(1)  25(1) 24(1)  1(1) 7(1)  -1(1) 
C(45) 26(1)  16(1) 24(1)  -2(1) 8(1)  -2(1) 
N(4) 23(1)  26(1) 25(1)  7(1) 8(1)  2(1) 
B(4) 23(1)  30(1) 27(1)  10(1) 7(1)  2(1) 
O(12) 23(1)  75(1) 27(1)  19(1) 5(1)  1(1) 
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O(13) 19(1)  37(1) 24(1)  5(1) 6(1)  1(1) 
O(14) 24(1)  58(1) 30(1)  18(1) 10(1)  3(1) 
________________________________________________________________________
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Table 5.   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 10 
3) for C21H44B2N2O7. 
________________________________________________________________________  
 x  y  z  U(eq) 
________________________________________________________________________  
  
H(5A) -588 11719 2211 39 
H(5B) 988 11291 2006 39 
H(5C) 1260 11998 2561 39 
H(6A) -1420 11541 3343 41 
H(6B) 327 11811 3824 41 
H(6C) -427 10996 3970 41 
H(7A) 4860 11063 3561 43 
H(7B) 3593 11745 3620 43 
H(7C) 3774 11429 2833 43 
H(8A) 3679 10230 4331 42 
H(8B) 1758 9983 4142 42 
H(8C) 2265 10815 4463 42 
H(9A) 2681 7871 2721 41 
H(9B) 3174 8627 2331 41 
H(9C) 2507 7893 1850 41 
H(10A) -139 7531 2702 47 
H(10B) -617 7490 1827 47 
H(10C) -1672 8020 2268 47 
H(11A) 383 9078 435 38 
H(11B) 332 8212 704 38 
H(11C) 1977 8715 961 38 
H(12A) -2047 9442 867 39 
H(12B) -2184 9359 1709 39 
H(12C) -2348 8621 1194 39 
H(13A) 4863 9843 6746 32 
H(13B) 4890 10109 5923 32 
H(14A) 5419 8578 6467 31 
H(14B) 6805 9106 6214 31 
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H(15A) 5511 9033 5000 32 
H(15B) 5542 8176 5299 32 
H(17A) 3507 8101 4188 32 
H(17B) 1742 8517 4118 32 
H(18A) 1737 7111 4176 35 
H(18B) 2521 7205 5029 35 
H(19A) -350 7021 4879 36 
H(19B) -707 7720 4320 36 
H(20A) 602 7866 5855 29 
H(20B) -1275 8058 5469 29 
H(21A) -28 9048 4780 26 
H(21B) -139 9232 5610 26 
H(2N) 2130(30) 9742(14) 6248(12) 25 
H(5O) 7590(40) 10065(16) 2806(15) 37 
H(6O) 8800(40) 9004(16) 3365(15) 40 
H(7O) 4460(40) 9437(17) 3378(15) 40 
H(28A) 7622 2772 3025 50 
H(28B) 5934 2423 2559 50 
H(28C) 5855 3071 3157 50 
H(29A) 8727 3153 1991 58 
H(29B) 7726 3695 1364 58 
H(29C) 7177 2824 1412 58 
H(30A) 2333 3226 1451 42 
H(30B) 3343 2835 2182 42 
H(30C) 3826 2648 1409 42 
H(31A) 3449 4223 851 48 
H(31B) 5088 3769 753 48 
H(31C) 5254 4579 1157 48 
H(32A) 3231 6400 2381 52 
H(32B) 3168 6374 3235 52 
H(32C) 2912 5608 2759 52 
H(33A) 5864 6964 2531 53 
H(33B) 7489 6601 3035 53 
H(33C) 6126 7024 3404 53 
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H(34A) 4006 5677 4198 73 
H(34B) 5578 6203 4523 73 
H(34C) 5569 5323 4752 73 
H(35A) 8432 5363 3538 67 
H(35B) 8262 5132 4351 67 
H(35C) 8268 6012 4123 67 
H(34D) 3137 5585 3948 42 
H(34E) 4425 6142 4456 42 
H(34F) 4387 5253 4649 42 
H(35D) 8056 5422 3892 55 
H(35E) 7421 5153 4612 55 
H(35F) 7456 6041 4417 55 
H(36A) 9597 5097 2027 37 
H(36B) 10091 5983 2024 37 
H(37A) 9755 4962 799 39 
H(37B) 11440 5382 1189 39 
H(38A) 10414 6566 742 33 
H(38B) 10139 5993 58 33 
H(40A) 6324 6378 -570 28 
H(40B) 8133 6701 -611 28 
H(41A) 7529 7728 213 30 
H(41B) 6651 7782 -632 30 
H(42A) 4151 7309 -363 33 
H(42B) 4709 8072 88 33 
H(43A) 3739 7190 847 32 
H(43B) 5673 7354 1157 32 
H(44A) 4737 5996 1104 28 
H(44B) 4721 6050 245 28 
H(4N) 7080(30) 5677(14) 1790(14) 29 
H(12O) 3630(50) 4220(20) 3731(19) 62 
H(13O) 2280(40) 4218(16) 2580(14) 39 
H(14O) -930(50) 3999(19) 3346(18) 55 
________________________________________________________________________
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 Table 6.  Torsion angles [°] for C21H44B2N2O7. 
________________________________________________________________  
O(2)-B(1)-O(1)-C(1) 15.59(17) 
O(3)-B(1)-O(1)-C(1) 140.32(14) 
O(4)-B(1)-O(1)-C(1) -104.16(16) 
O(1)-B(1)-O(2)-C(2) 7.35(17) 
O(3)-B(1)-O(2)-C(2) -112.00(16) 
O(4)-B(1)-O(2)-C(2) 131.29(14) 
O(2)-B(1)-O(3)-C(3) -106.85(16) 
O(1)-B(1)-O(3)-C(3) 136.05(14) 
O(4)-B(1)-O(3)-C(3) 12.95(18) 
O(2)-B(1)-O(4)-C(4) 136.89(14) 
O(1)-B(1)-O(4)-C(4) -106.09(16) 
O(3)-B(1)-O(4)-C(4) 12.18(18) 
B(1)-O(1)-C(1)-C(5) 89.43(16) 
B(1)-O(1)-C(1)-C(6) -151.50(14) 
B(1)-O(1)-C(1)-C(2) -29.84(16) 
B(1)-O(2)-C(2)-C(7) -146.22(15) 
B(1)-O(2)-C(2)-C(8) 94.02(16) 
B(1)-O(2)-C(2)-C(1) -24.72(16) 
O(1)-C(1)-C(2)-O(2) 32.72(15) 
C(5)-C(1)-C(2)-O(2) -83.60(16) 
C(6)-C(1)-C(2)-O(2) 150.12(14) 
O(1)-C(1)-C(2)-C(7) 150.23(14) 
C(5)-C(1)-C(2)-C(7) 33.9(2) 
C(6)-C(1)-C(2)-C(7) -92.37(18) 
O(1)-C(1)-C(2)-C(8) -83.58(16) 
C(5)-C(1)-C(2)-C(8) 160.09(15) 
C(6)-C(1)-C(2)-C(8) 33.8(2) 
B(1)-O(3)-C(3)-C(10) -152.29(16) 
B(1)-O(3)-C(3)-C(9) 87.90(16) 
B(1)-O(3)-C(3)-C(4) -30.67(17) 
B(1)-O(4)-C(4)-C(11) -151.54(15) 
B(1)-O(4)-C(4)-C(12) 89.16(16) 
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B(1)-O(4)-C(4)-C(3) -30.02(17) 
O(3)-C(3)-C(4)-O(4) 36.58(16) 
C(10)-C(3)-C(4)-O(4) 154.25(15) 
C(9)-C(3)-C(4)-O(4) -79.66(17) 
O(3)-C(3)-C(4)-C(11) 154.09(15) 
C(10)-C(3)-C(4)-C(11) -88.24(19) 
C(9)-C(3)-C(4)-C(11) 37.8(2) 
O(3)-C(3)-C(4)-C(12) -79.15(17) 
C(10)-C(3)-C(4)-C(12) 38.5(2) 
C(9)-C(3)-C(4)-C(12) 164.61(15) 
N(2)-C(13)-C(14)-C(15) 53.78(19) 
C(13)-C(14)-C(15)-N(1) -47.1(2) 
C(14)-C(15)-N(1)-C(22) 17.7(2) 
C(14)-C(15)-N(1)-C(17) -165.58(15) 
C(22)-N(1)-C(17)-C(18) -75.0(2) 
C(15)-N(1)-C(17)-C(18) 108.30(19) 
N(1)-C(17)-C(18)-C(19) 77.7(2) 
C(17)-C(18)-C(19)-C(20) -56.4(2) 
C(18)-C(19)-C(20)-C(21) 60.6(2) 
C(19)-C(20)-C(21)-C(22) -80.8(2) 
C(15)-N(1)-C(22)-N(2) 5.9(3) 
C(17)-N(1)-C(22)-N(2) -170.61(16) 
C(15)-N(1)-C(22)-C(21) -172.35(16) 
C(17)-N(1)-C(22)-C(21) 11.1(2) 
C(20)-C(21)-C(22)-N(2) -118.59(17) 
C(20)-C(21)-C(22)-N(1) 59.8(2) 
N(1)-C(22)-N(2)-C(13) 2.9(3) 
C(21)-C(22)-N(2)-C(13) -178.77(15) 
C(14)-C(13)-N(2)-C(22) -33.6(2) 
O(9)-B(3)-O(8)-C(24) -10.14(17) 
O(11)-B(3)-O(8)-C(24) 110.04(17) 
O(10)-B(3)-O(8)-C(24) -132.90(15) 
O(8)-B(3)-O(9)-C(25) -12.88(17) 
O(11)-B(3)-O(9)-C(25) -138.42(14) 
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O(10)-B(3)-O(9)-C(25) 106.41(16) 
O(8)-B(3)-O(10)-C(26) -137.58(15) 
O(9)-B(3)-O(10)-C(26) 105.86(16) 
O(11)-B(3)-O(10)-C(26) -12.32(19) 
O(8)-B(3)-O(11)-C(27) 103.9(3) 
O(9)-B(3)-O(11)-C(27) -138.2(3) 
O(10)-B(3)-O(11)-C(27) -16.2(3) 
B(3)-O(8)-C(24)-C(29) 149.11(16) 
B(3)-O(8)-C(24)-C(28) -91.73(17) 
B(3)-O(8)-C(24)-C(25) 26.89(17) 
B(3)-O(9)-C(25)-C(31) -90.52(17) 
B(3)-O(9)-C(25)-C(30) 150.55(15) 
B(3)-O(9)-C(25)-C(24) 28.58(17) 
O(8)-C(24)-C(25)-O(9) -33.35(17) 
C(29)-C(24)-C(25)-O(9) -151.05(16) 
C(28)-C(24)-C(25)-O(9) 82.90(17) 
O(8)-C(24)-C(25)-C(31) 82.76(17) 
C(29)-C(24)-C(25)-C(31) -34.9(2) 
C(28)-C(24)-C(25)-C(31) -160.99(16) 
O(8)-C(24)-C(25)-C(30) -151.01(14) 
C(29)-C(24)-C(25)-C(30) 91.3(2) 
C(28)-C(24)-C(25)-C(30) -34.8(2) 
B(3)-O(10)-C(26)-C(32) -88.56(18) 
B(3)-O(10)-C(26)-C(33) 152.34(16) 
B(3)-O(10)-C(26)-C(27) 33.4(3) 
B(3)-O(11)-C(27)-C(34) 156.4(3) 
B(3)-O(11)-C(27)-C(35) -84.3(3) 
B(3)-O(11)-C(27)-C(26) 36.4(4) 
O(10)-C(26)-C(27)-O(11) -42.1(4) 
C(32)-C(26)-C(27)-O(11) 74.0(4) 
C(33)-C(26)-C(27)-O(11) -158.1(3) 
O(10)-C(26)-C(27)-C(34) -157.9(3) 
C(32)-C(26)-C(27)-C(34) -41.8(4) 
C(33)-C(26)-C(27)-C(34) 86.1(4) 
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O(10)-C(26)-C(27)-C(35) 76.2(3) 
C(32)-C(26)-C(27)-C(35) -167.7(2) 
C(33)-C(26)-C(27)-C(35) -39.8(3) 
N(4)-C(36)-C(37)-C(38) 50.5(2) 
C(36)-C(37)-C(38)-N(3) -51.7(2) 
C(37)-C(38)-N(3)-C(45) 26.5(2) 
C(37)-C(38)-N(3)-C(40) -156.50(16) 
C(45)-N(3)-C(40)-C(41) 65.2(2) 
C(38)-N(3)-C(40)-C(41) -111.72(18) 
N(3)-C(40)-C(41)-C(42) -80.0(2) 
C(40)-C(41)-C(42)-C(43) 60.4(2) 
C(41)-C(42)-C(43)-C(44) -60.0(2) 
C(42)-C(43)-C(44)-C(45) 80.6(2) 
C(38)-N(3)-C(45)-N(4) 0.9(3) 
C(40)-N(3)-C(45)-N(4) -175.93(16) 
C(38)-N(3)-C(45)-C(44) 179.53(16) 
C(40)-N(3)-C(45)-C(44) 2.7(3) 
C(43)-C(44)-C(45)-N(4) 109.26(18) 
C(43)-C(44)-C(45)-N(3) -69.5(2) 
N(3)-C(45)-N(4)-C(36) -1.2(3) 
C(44)-C(45)-N(4)-C(36) -179.88(17) 
C(37)-C(36)-N(4)-C(45) -25.7(3) 
________________________________________________________________  
Symmetry transformations used to generate equivalent atoms:  
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Table 7.  Hydrogen bonds for C21H44B2N2O7  [Å and °]. 
________________________________________________________________________  
D-H...A d(D-H) d(H...A) d(D...A) <(DHA) 
________________________________________________________________________  
 N(2)-H(2N)...O(4)#1 0.90(3) 1.81(3) 2.7076(19) 175(2) 
 O(5)-H(5O)...O(1)#2 0.81(3) 1.85(3) 2.6523(18) 172(3) 
 O(6)-H(6O)...O(3)#2 0.83(3) 1.96(3) 2.7743(18) 167(3) 
 O(7)-H(7O)...O(2) 0.80(3) 1.98(3) 2.7811(19) 177(3) 
 N(4)-H(4N)...O(10) 0.84(3) 1.85(3) 2.6909(19) 176(3) 
 O(12)-H(12O)...O(11) 0.91(4) 1.89(4) 2.780(2) 169(3) 
 O(13)-H(13O)...O(9) 0.91(3) 1.72(3) 2.6272(17) 175(3) 
 O(14)-H(14O)...O(8)#3 0.82(4) 2.01(4) 2.825(2) 177(3) 
________________________________________________________________________  
Symmetry transformations used to generate equivalent atoms:  
#1 x,-y+2,z+1/2    #2 x+1,y,z    #3 x-1,y,z      
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